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Abstract of a thesis submitted in partial fulfillment of the  
requirements for the degree of M.Appl.Sc. 
 
The effect of a free-living stage in  
host-parasite coevolution: 
A skink mite phylogenetic study in New Zealand 
by Mariana L.Vargas 
 
During the last decade, phylogenetic trees have even been used to compare ecologically 
related taxa such as parasites and their hosts, and are used to determine their level of 
coevolution or reciprocal adaptation in time. Diverse coevolutionary events have been 
detected for this ecological association, where generally the parasite has been regarded as 
one that feeds exclusively on the host and is likely to cospeciate with it. A different 
coevolutionary pattern might occur when the parasite has a free-living stage in its life 
cycle, in which the parasite may have the opportunity to abandon its host and successfully 
colonise a new species (host-switching) making cospeciation less likely. Many New 
Zealand skinks are infested with a parasitic mite, Odontacarus sp. (Prostigmata: 
Leeuwenhoekiidae), which becomes free-living as an adult. The genetic variation of these 
mites found on four hosts was analyzed for host- parasite coevolutionary events. The 
hosts were the McCann’s skink and the common skink in coastal Birdling Flat, 
Canterbury, plus these species and the Grand and Otago skinks in Macraes Flat, Central 
Otago, South Island, New Zealand. The genetic variation of fast evolving nuclear Internal 
Transcribed Spacers 2 and mitochondrial Cytochrome c Oxidase I in Odontacarus mites 
found on these hosts was determined by PCR and DNA sequencing and phylogenetic 
trees were built using the computer programs PAUP*4 and MrBayes 3. The results show 
that mite haplotypes only had a significant geographical division and no host-related 
differences. In Birdling Flat, the COI haplotypes were represented in two groups that 
infested both regional hosts and had 5.7 % divergence. The same individual mites 
belonged to a single ITS 2 haplotype, thus indicating a historical geographical division 
between two populations that now interbreed successfully. The Macraes Flat mites were 
divided into two COI haplotypes with 2.4% divergence and internal nodes, which showed 
greater genetic variability than the Birdling Flat populations. The Macraes Flat mites 
formed two ITS 2 haplotypes with 6% divergence. This greater geographical structure of 
the Otago mites is probably due to the older age of the mainland area compared to the 
recently exposed coastal locality of Birdling Flat. The COI haplotypes from the two 
different regions had a mean distance of 15.5%, with an earlier divergence time than that 
known for the hosts. For both genes, the haplotypes from different regions had 100% 
bootstrap support and the parasite showed no host specificity. Mites of the different COI 
and ITS haplotypes were found on most of the host species that were sampled in 
Canterbury and Otago. The results of this study suggest that a free-living stage in a 
parasite’s life cycle can favour coevolutionary events such as inertia (failure to speciate) 
and host-switching, probably as a result of resource-tracking of the parasite. 
Keywords: Biogeography, co-evolution, co-phylogenies, Cytochrome c Oxidase I, free-
living, host-switching, inertia, Internal Transcribed Spacer 2, lizard, mite, New Zealand, 
Odontacarus, Oligosoma, parasite, phylogenetic, skink. 
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1. INTRODUCTION 
 
The development of molecular genetic tools over the last two decades has 
allowed the construction of species phylogenies based on their genetic relatedness at 
the molecular level, enlightening evolutionary studies. During the last decade, 
phylogenetic trees have been used to compare ecologically-related taxa enabling their 
level of coevolution or reciprocal adaptation through time to be studied, such as 
symbioses (Itino et al., 2001) or hosts and parasites (Hafner & Nadler, 1988; Page, 
1990; Page, 1994a; Page, 1994b; Page, 2003). Examples of hosts and their parasites 
include birds and malaria (Bensch et al., 2000) or malaria parasites (Ricklefs et al., 
2004), pocket gophers and their lice (Hafner et al., 2003; Page, 1996), thistles and flies 
(Brandle et al., 2005), primates and viruses (Switzer et al., 2005), rodents and fleas 
(Krasnov & Shenbrot, 2002), a mite genus and its range of hosts (Fain, 1994), seabirds 
and their lice (Paterson et al., 2000) and fish and their parasites (Desdevises et al., 
2002; Jousson et al., 2000; Verneau et al., 1997) 
The need to understand coevolution as an ongoing process has increased as 
work on the dynamics of rapidly changing biological communities, the conservation of 
genetic diversity, and the population biology of diseases has progressed (Thompson, 
1999). Parasite lifestyle is one of the fields that have been highlighted as an area of 
particular interest in the research of parasite’s molecular ecology (Criscione et al., 
2005). Diverse coevolutionary events have been detected for ecological associations 
where generally the parasite has been regarded as one that feeds exclusively on the host 
(lice, nematodes, and fleas).  
Originally, this study aimed to detect the differences in host parasite 
coevolution where the parasite's life-cycle includes a free-living stage compared to 
when it is solely parasitic. This study intended to compare the coevolution of two 
parasites with the same hosts, one parasite being solely parasitic (Ophionyssus 
scincorum), the other with a free-living stage in its adulthood (Odontacarus 
lygosomae). Unfortunately, due to technical problems at the time, a phylogenetic study 
could only be carried out for the parasite with the free-living stage. However, the 
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results obtained for Odontacarus were clear enough to contribute towards 
understanding the coevolutionary relationship of the taxa at a phylogeographical level. 
The outcome has opened a horizon of further possible research questions in the area of 
host-parasite coevolution, the dispersal of New Zealand skinks and their parasites and 
applications of molecular techniques in research on parasites.  
The comparison of coevolutionary processes across geographic landscapes links 
local ecological processes with larger scale ecological patterns, or phylogeographic 
patterns (Page, 1990; Thompson, 1999). Recently, phylogeographic studies have shed 
light on the origins of parasites across the globe and the life history of their hosts (Baer 
et al., 2004; Measey & Channing, 2003; Nieberding et al., 2005; Perkins, 2001; 
Wickstrom et al., 2003).  
This study examined Odontacarus mites from four Oligosoma lizard species in 
two regions in the South Island of New Zealand. Polymerase chain reaction (PCR) and 
sequencing of fast evolving genes from these mites found on each species of skink 
revealed the haplotype structure of Odontacarus mites and reconstructed their 
phylogenies. The phylogenetic trees of these mites helped to estimate the age of their 
divergence and co-evolutionary events that could be related to the free-living stage in 
the parasite’s life cycle. For a glossary on parasitological terminology refer to 
Appendix I. 
The following sections of the Introduction are intended to overview the many 
players involved in this study; such as host-parasite coevolution, the hosts and parasites 
involved, DNA taxonomy and the basics of phylogenetic tree building and other 
possible subsequent methods of analysis of host-parasite associations in general. 
1.1. HOST-PARASITE COEVOLUTION  
Coevolution is the reciprocal adaptation in time of two taxa that are 
ecologically related, such as hosts and their parasites (Page, 2003). Adaptation may 
occur through different evolutionary events.  When the trees have identical topology, 
they are mirrors of each other. Each host species has an associated parasite whose 
phylogeny reflects the relationships between the hosts, suggesting close evolution of 
the associated taxa. There are different software programs available to compare two 
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trees and make an estimation of the most likely coevolutionary events. This tree 
comparison, known as reconciliation analysis, has been applied in the study of lice and 
their avian (Johnson et al., 2002; Paterson et al., 2000; Smith et al., 2004) and 
mammalian hosts (Taylor & Purvis, 2003), where the associated taxa’s trees often are 
incongruent. A tanglegram (the associated taxa’s trees facing each other) is useful to 
illustrate the relationships between the parasites and hosts (figure 1). 
 
 
 
 
How perfectly the host and parasite trees mirror each other depends on the 
amount of shared topology or branching order between the phylogenetic trees, the 
times of speciation (simultaneous speciation or “temporal speciation”(Page, 1996) 
being the closest match), and the rates of evolution (or branch lengths) (Page, 2003). 
However, co divergence may occur in the absence of all of these attributes; in this case, 
the mirror is apparent but not a product of cospeciation (Clayton et al., 2003a). It is the 
product of events that often make phylogenies incongruent, but by chance, they look 
congruent. For example, a parasite species may undergo a series of sequential host 
Figure 1. Tanglegram for seabirds (albatrosses, petrels, and penguins) and their ischnoceran lice, 
based on 12SrRNA mitochondrial DNA sequences. Lice are linked to their corresponding host 
by a dashed line (Page et al., 2004) redrawn from Paterson et al., (2000). The trees are 
incongruent.  For example, node H is not mirrored in the host tree. 
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switches, and after colonizing the host’s closest relatives, it may speciate, thus creating 
apparent congruence between both taxa (Brooks & McLennan, 1991). 
1.1.1.  Congruent Phylogenies  
 
Cospeciation 
Cospeciation is the joint speciation of two or more of the lineages of the taxa 
involved, which results in common speciation nodes in the host and parasite 
phylogenies (Page, 2003; Paterson & Banks, 2001). Host and parasite phylogenies that 
mirror each other have been recently termed as codivergent, because speciation in one 
lineage will result in speciation in the other. This may occur, for example, as a 
consequence of the hosts’ population isolation. As stated by Page (2003), “If 
cospeciation were the only [coevolutionary] process occurring, the host and parasite 
phylogenies would be exact images of each other”.  
 
1.1.2. Incongruent Phylogenies  
 
Incongruent phylogenies occur through other coevolutionary events, such as 
sorting events, host-switching, duplication (Page, 2003) and failure to speciate (Banks 
& Paterson, 2005), which are sketched in figures 2 and 3. 
 
Sorting events  
Sorting events (figure 2a) are those in which the parasite is apparently absent 
from a host species when it might be expected to be present. The parasite can be absent 
if part of the host’s population migrates and founds a new population with individuals 
that did not carry the parasite in enough numbers to perpetuate its existence on the host 
species. This is the sorting event known as drowning on arrival (Paterson et al., 2003) 
and is analogous to extinction. If, instead, the host population migrates and founds a 
new population with individuals that did not carry the parasite at all, then this sorting 
event is known as missing the boat (Paterson et al., 2003). If a parasite is not detected 
but is present on a host, we are dealing with a sampling problem known as an x-event 
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(Paterson et al., 2003). 
 
Host-switching 
Host-switching (figure 2b) is the successful colonization of a novel host species 
(Paterson & Gray, 1997). When the parasite abandons one host and successfully 
colonizes another, it is a complete host-switch. If it colonizes a new host as well as 
remaining on the original host, it is an incomplete host-switch. 
 
Duplication 
Duplication (figure 2c) is the intrahost speciation of the parasite that may be a 
product of the specialization of the parasite to different locations on the host. 
Microhabitat diversity and different resource availability on the host would provide 
several niches for the parasite to specialize on. For an ectoparasite, habitat diversity on 
the host can be provided by different features such as different types of feathers on a 
bird or different fur lengths within a mammal (Paterson et al., 2000). Examples are a 
series of intrahost speciations of a group of gill parasites in a family of freshwater fish 
(Simkova et al., 2004), and chewing lice on seabirds (Paterson & Banks, 2001).  
 
 
 
 
 
 
 
(a) (b) (c) 
Figure 2. The stacked phylogenies (black for hosts and grey for parasites) symbolize three 
coevolutionary events:  (a) sorting,  (b) complete host-switching (c) duplication.  
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Failure to speciate  
Failure to speciate (figure 3) occurs when a parasite that has been associated 
with the host’s common ancestor (associated by descent) does not speciate with the 
host. Since the parasite remains on the speciated hosts, it becomes a multi-host 
parasite. The individual parasites found on the different host species belong to the same 
population, which retains ongoing gene flow, thus remaining in true evolutionary 
inertia (figure 3a) (Banks & Paterson, 2005; Paterson & Banks, 2001). There could 
also be apparent inertia due to 1) recent and/or incomplete host switches (figure3b), 
2)under splitting of the parasite species by morphological convergence (figure 3c), 3) 
to the over splitting of the host species, when really they are fewer or one species 
(figure 3d) (Banks, 2003).  
 
 
 
 
 
 
 
 
 
 
The comparison of host trees with the present distribution and phylogenetic 
relationships of its parasites leads to a series of hypotheses on what kind of 
coevolutionary events could have resulted in the current distribution of the parasite 
(known as reconciliation analysis). It often occurs that the phylogenies of the hosts and 
the parasites do not mirror each other.  In these cases events such as host-switching or 
cospeciations followed by sorting events are likely to have occurred. Figure 4 is an 
(a) (c) (d) (b) 
Figure 3. Failure to speciate. The stacked phylogenies (black for hosts and grey for parasites) symbolize the 
true coevolutionary event. True Inertia: (a) failure to speciate. There is gene-flow between parasite 
populations. Apparent inertia: (b) incomplete host-switching, (c) parasite under-splitting (the speciation of the 
parasite is real but not detected) (d) host over-splitting. The block symbolizes that the host is really just one 
species, with two parasite species, but it is perceived as two host species. 
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example given by Paterson and Banks (Paterson & Banks, 2001) on how these events 
can explain the distribution of the parasite. 
 
1.1.3. Influence of the Host’s Life History on Host-Parasite 
Coevolution 
Adamson and Caira (1994) have suggested that the influence of the host’s 
ecology on the development of parasite specificity seems to only be significant when 
the interaction between the physiological response of the host and the parasite is 
minimal.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A parasite’s specificity is a product of a number of factors, such as microhabitat 
and feeding styles of the free-living progenitors, and how the physical union arises 
(whether it is passive or intrusive) (Adamson & Caira, 1994). Because host ranges are 
far more subject to change than the microhabitat, parasites are more likely to be 
specific to the habitat site.  Parasites that feed on host tissues or that occur in 
extraintestinal sites must present the right cues to respond appropriately to the host 
Figure 4 a) The phylogeny of a group of host species A-C and the distribution of the parasite 
species 1-3 over these hosts, and the parasites’ phylogeny. b) Reconciliation based on 
cospeciation and sorting events and no host-switching. c) Reconciliation based on only host-
switching events. As in the figure above, the arrows indicate the colonization of the parasite on 
the host and the explosions represent sorting events. Redrawn from Paterson and Banks, 2001. 
A 
B 
C 3 
2 
1 
A
B 
C 3 
2 
1 A 
B 
C 3 
2 
1
a) 
b) c) 
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defense system. In this scenario, coevolutionary factors are important in determining 
parasite’s specificity (Adamson & Caira, 1994). 
Vickery and Poulin (1998) simulated the effect of host ecological 
characteristics on the richness of parasite communities in comparative analyses among 
related host species. They concluded that the effect of host ecology would only be 
detectable when it is strong, because ancestral phylogenetic effects (like parasite 
transmission from parents to offspring or association by descent) are likely to obscure 
ecological effects (such as host body size, diet, habitat or lifespan). Host ecology could 
be influential on parasite richness when the probabilities of gain or loss of parasites are 
high, or when host ecological characteristics change markedly at speciation events 
(Vickery & Poulin, 1998).  
There are a few trends of the host that could affect its level of parasitism and 
the coevolutionary events with the parasites. These host trends are body size, the 
microhabitat diversity, geographical range, behavior, and the numbers of its 
populations.  
 
Body size  
In relation to parasite abundance, it has been suggested that a larger-sized host 
offers increased surfaces and resources, more refuges in hosts that preen as well as 
greater longevity, which provides the parasite with more infestation opportunities than 
smaller hosts (Rozsa, 1997). In addition, a larger host would have a higher risk of 
infection with endoparasites because of consumption of bigger volumes of food 
(Simberloff & Moore, 1997). A positive correlation for body size and parasite 
abundance has been observed for birds (Clayton & Walther, 2001; Rozsa, 1997) and 
marine fishes (Poulin & Rhode, 1997).  
 
Microhabitat diversity and different resource availability on the host  
A range of habitats and resources on the host will provide several niches for the 
parasite to specialize on. Alternatively, various internal environments provide diverse 
niches for endoparasites, as is the case for intestinal coccidial parasites, which 
specialize on each section of the intestine (Mehlhorn, 2001). An example of niche 
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specialization is starling body lice, which apparently filled an empty niche when its 
head lice became extinct (Clay, 1949).  
 
Geographical range  
The geographical range of bird hosts has not been found to be correlated in any 
way with louse abundance (Clayton & Walther, 2001). The geographical isolation of 
the host population from its original population or its patchy distribution could favour 
the speciation of the parasite with its host. A textbook example of cospeciation is 
pocket gophers (Orthogeomys underwoodii) and their lice (Hafner et al., 2003). These 
rodents are fossorial; they live in burrows that generally have a single occupant. The 
host rarely abandons its natal home range and the distribution of each species of gopher 
is patchy. These ecological factors have led to reduced parasite transmission between 
hosts and a high degree of cospeciation (Hafner et al., 2003). 
In spite of geographical isolation between hosts, an intermediate degree of 
speciation can be a product of other ecological factors. An example of this is host-
switching lice which inhabit different swiftlet species (Aves: Apodidae). In this case, 
host-switching is likely to occur by crawling of Dennyus lice between the closely 
positioned nests of different host species (Clayton et al., 2003a). Although many 
species of swiftlets are endemic to isolated oceanic islands, in some locations up to 
four species are sympatric and syntopic (i.e, they share microhabitats).  
When different host species are syntopic, it can be suggested that transmission 
and dispersal between host species is likely to be higher, thus making host-switching or 
dispersal more likely even if not by direct physical contact. An example of this is the 
presence of a multi-host louse species on sympatric toucans (Weckstein, 2004), which 
has been suggested to be the product of host-switching, encouraged by the life history 
of the host (e.g. hole nesting) or of the parasite (e.g. in this study, a free-living stage in 
its life-cycle). Other means of host-switching could be detached feathers, shared nest 
holes, shared dust baths or phoresy of parasites on hippoboscid flies (Clayton et al., 
2003a; Johnson et al., 2002). Vectors can also be a means of parasite dispersal 
(Clayton & Walther, 2001) between individuals or host species. All these 
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circumstances would favour dispersal and host-switching within proximate areas 
instead of the specialization of the parasite. 
There may be a geographical influence on parasitic load relative to the 
distribution limit of the host. A study on parasite loads and the distribution of 
Liolaemus lizards across a steep altitudinal range in the central Chilean Andes found 
that mite numbers often decreased at the distributional limits of the lizards (Carothers 
& Jaksic, 2001). The mite species in that study were not identified. 
 
Behavior 
Social behavior of the host, such as coloniality, might influence parasite 
abundance and diversity. For example, horizontal transmission of lice from body 
contact between colonial rooks (Corvus frugilegus) is higher than between territorial 
hooded crows (C. corone cornix) (Rozsa et al., 1996). Rooks are found to harbor richer 
and more diverse parasite-species loads than crows. The territorial crows’ parasites 
distribution is found to be aggregated while among colonial rooks the distribution is 
more uniform (Rozsa et al., 1996). In relation to parasite abundance, Rozsa (2000; 
1996)(1996) did not find avian sociality traits such as colonial breeding and communal 
roosting to have a significant effect on lice abundance. 
Preening behavior combined with body size seems to reinforce cospeciation in 
birds and feather lice. Clayton et al. (2003b) explored the adaptive basis of 
cospeciation by using a model system consisting of feather lice (Columbicola) and 
their pigeon and dove hosts (Columbiformes). The comparison of their phylogenies 
revealed significant cospeciation and correlated evolution of host and parasite body 
size, suggesting that adaptive constraints, such as body size, limit the range of hosts 
that the lice can use. Simulated host-switches of lice to hosts with different body sizes 
showed that lice could not establish viable populations on novel hosts that differ in size 
from the native host. Lice could remain attached to, and feed on, hosts varying in size 
by an order of magnitude, but they could not escape from preening on novel hosts that 
differed in size from the native host. Preening would thus restrict the possibility of 
multi-host parasitism by preventing lice from switching between hosts of different 
sizes. 
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Extinction of the host species 
If the parasite is host specific, the extinction of the host can lead to the 
extinction of the parasite. One case of near extinction would be the aptly named louse 
Columbicula extinctus, long considered extinct because it had been assumed that it was 
host specific to the extinct Passenger Pigeon (Ectopistes migratorius). However, 
Clayton and Price (1999) found that the species is synonymous to the wing lice of the 
Band-Tailed Pigeon (Columbicola fasciata). If the host is extinct only in the wild, 
captive breeding under veterinary care may lead to the extinction of the parasite. This 
might be the case of the louse species that lived on the Californian Condor, of which 
the last wild specimen was brought into captivity in 1987 (Rallus & Ballou, 2004) . 
 
Host Species Low Numbers 
As proposed by Paterson et al. (2000), non-colonial host species with patchy 
distributions are prone to sorting events of their parasites. A possible example may be 
the absence from the Black Stilt (Himantopus novaezealandiae) of three species of 
lice, Austromenopon himantopi, Saemundssonia platygaster, and Quadraceps 
semifissus, that are found on its closest relative, the Pied Stilt (Himantopus 
himantopus) (Paterson & Banks, 2001). Similar absences of louse species occur in 18 
bird species that were intentionally introduced to New Zealand in low numbers 
(Paterson et al., 1999). 
Probably the most influential trends in host–parasite coevolution are a host’s 
coloniality behavior (especially if various species share colonies, which could lead to 
the dispersal or host-switching of the parasite), or its low numbers, as extinction of the 
host’s population would lead to sorting events of the parasite.  
 
1.1.4. Possible Effects of a Free-Living Stage on Host-Parasite 
Coevolution 
Few cophylogenetic studies have included both parasites and related free-living 
species. Comparison of parasites and their free-living related taxa has been studied in 
some species to reconstruct the direction of evolution (e.g. “phoresy leads to 
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parasitism”). One example has been the parasitic Acanthocephala in relation to the 
predominantly free-living Rotifera (Near, 2002). 
The most numerous and varied examples of lifestyle switches are provided by 
mites (Acari), as they have often changed from parasitic to free-living and vice-versa 
(Rob Cruickshank, pers. comm. 7 October 2005). Mites represent an opportunity for 
acarologists to phylogenetically test hypotheses about the forces that select for 
parasitism and its maintenance (Walter & Proctor, 1999). 
When the adult stages of a parasite are free-living, the offspring may hatch in a 
different location than the microhabitat of the host on which its parents lived during 
their larval stage. If different host species share the same microhabitats, host-switching 
could be frequent, as on occasions the different generations and individuals of a 
parasite’s population might live on different host species depending which host in the 
area is more easily colonized. If host-switching occurred frequently, host-parasite 
cospeciation events could be less likely, as the parasite species would not have the 
intimate evolutionary arms race over generations with the host that results in 
specialization and specificity. This host-parasite relationship is a product of resource-
tracking of the parasite, in which case the relationship between parasite and host would 
be an association by colonization (Paterson & Gray, 1997; Paterson et al., 1995).  Even 
if host-switching is the most common means by which a parasite is passed on to new 
hosts, vertical transmission of parasites (rather than host-switching) from host to host 
of the same species could also occur, depending on the ecology of the host and 
parasite. 
In strong family groups of a host species where the young remain near their 
parents, and/or do not share their home range with other host species, vertical 
transmission could be more likely. This inheritance of the relationship between the 
parasite and the host is an association by descent (Paterson & Gray, 1997; Paterson et 
al., 1995).However, a free-living stage of the parasite would provide an opportunity for 
it to move away from its hatching site, making vertical transmission less likely. 
As well as host-switching, another possible outcome of a free-living stage is 
true or apparent evolutionary inertia or failure to speciate (Banks & Paterson, 2005), in 
which one parasite species may be found on many host species. 
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Phylogenetic methods of investigation, which allow to determine the most 
recent evolution between and within a species by detecting differences within fast 
evolving genes have allowed the comparison of the evolution of hosts and their 
parasites (usually parasites that rarely leave their hosts, like lice) (Paterson et al., 
2000). By using these methods we can study the evolution of a parasite species with its 
host’s, with the difference that in this study the parasite will be one with a free-living 
stage. 
1. 2. STUDY CASE: ODONTACARUS MITES PARASITIC ON Oligosoma 
LIZARDS  
At Macraes Flat (figure 5), Central Otago (approximately latitude 45o S and 
longitude 170o E), New Zealand, two mite (Acari) species Ophionyssus scincorum 
(Mesostigmata: Macronyssidae) and Odontacarus lygosomae (Prostigmata: 
Leeuwenhoekiidae) infect four species of skinks (Lacertilia: Scincidae) in the Redbank 
Reserve and its surroundings (Reardon & Norbury, 2004). These are the grand 
(Oligosoma grande), Otago (O. otagense), McCann (O. maccanni), and common (O. 
nigriplantare polychroma) skinks. Odontacarus mites are the focus of this study 
because they have a free-living stage in their life cycle.  
The Redbank Reserve has never been cultivated and has not been burnt since 
1984. It is a tussock grassland reserve purchased by the Department of Conservation 
(DoC) in 1993 for skink conservation.  The vegetation surrounding the rock tors is 
mainly tall tussock grass (Chionochloa rigida, C. rubra, Poa cita, and P. 
novaezelandiae) with mosses, shrubs and herbs among them. There is an increasing 
proportion of introduced pasture grasses and weeds where the tussock is less dense 
(Whitaker, 1996).  
Agriculture is having negative effects on skink populations in neighboring 
unprotected areas. Over the Grand Ridge, neighboring the Redbank Reserve area is 
Sutton Farm, where the original tussock was replaced with permanent pasture in 1980-
1982 (Houghton & Linkhorn, 2002). Here, the minimum population density of skinks 
and the number of rock tors occupied have been found to be much lower than in the 
tussock area (Whitaker, 1996); less then half of the available rock habitats are 
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occupied (Houghton & Linkhorn, 2002). Between 1986 and 2001, there was a net loss 
of seven populations in this site, as opposed to a net gain of one skink population in 
the protected tussock area (Houghton & Linkhorn, 2002). The lack of food resources 
in the pasture habitat has made this population strongly clumped (Whitaker, 1996), 
resulting in the extinction of smaller populations that might have been important links 
between larger populations (Houghton & Linkhorn, 2002).  
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Figure 5. Macraes Flat, Otago, South Island of New Zealand. From TopoNZ. 
Figure 6. Kaitorete Spit, with collection sites SA and SB (shrublands). 
From TopoNZ. A map of New Zealand indicates the regions’ locations. 
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Mites from the Odontacarus genus (species not yet determined) have also been 
found to infest the common and McCann skinks in Kaitorete Spit, Canterbury 
(approximately latitude 43o 50’ S and longitude 172o 42’ E) (Marieke Lettink, pers. 
comm, 20 Abril 2004). Kaitorete spit is a beach barrier formed by deposition and drift 
of river gravels. Most of the spit is made up of shingle terraces. Shrub species present 
on the terrace shrublands include Coprosma propinqua, the berries of which are eaten 
by lizards (Lettink & Whitaker, 2004).  Towards the sea, there are a series of dunes 
before reaching the shingle beach.  
 
1.2.1.  The Hosts 
New Zealand skinks are saxiculous (live among rocks) species and depend on 
the vegetation adjacent to their rocky habitat for food (Whitaker & Loh, 1995). 
Oligosoma species occur throughout diverse environments in New Zealand from the 
sea shore to sub-alpine zone (Daugherty et al., 1994; Pickard & Towns, 1988), are 
primarily scavengers or insectivores, and several species may occur in the same habitat 
(Patterson & Daugherty, 1994). An example of often sympatric species are the 
common and McCann skinks, which are of similar size and morphology and have 
intraspecific color polymorphism within and between locations (Patterson & 
Daugherty, 1990). Their taxonomic history is described by Reardon and Tocher (2003) 
who created keys for their morphological identification in different locations of the 
South Island. Gill and Whitaker (1996) have published a useful field guide with photos 
and information on all New Zealand skink species. 
 
Skink origin and phylogeny  
The New Zealand herpetofauna consists of at least 65 species (Hitchmough, 
2002), of which 26 are skinks: 20 belong to the diurnal Oligosoma  and six to the 
nocturnal Cyclodina, and both genera have several undescribed species (Daugherty et 
al., 1994). Skinks and geckos (Gekkonidae) are considered “recent” colonists of New 
Zealand, as opposed to frogs and tuataras, which are thought to have been present since 
New Zealand separated from Gondwanaland, approximately 80 million years ago 
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(Mya) (Bell et al., 1985). 
It has been accepted (Daugherty et al., 1994) that the arrival of the skink fauna 
to New Zealand might have been through the routes suggested by Towns (1974) for 
some lizard forms by trans-oceanic rafting and island hopping in the 
Pliocene/Pleistocene. The routes would have been by the south, via continental 
Australia/Tasmania or by the north-west, from New Caledonia/Norfolk Island, or by 
the west, from Australia/Lord Howe Island, or by the north-east, from Tonga or 
Samoa, via the Kermadec Islands. It was found that land links between New Caledonia 
and New Zealand existed until the beginning of the Miocene (Stevens, 1980), which 
made Towns et al. (1985) reconsider the hypothesis of the land dispersal of a common 
ancestor through direct land links. There might be evidence for a north-west invasion, 
since the Leiolopisma-like group, to which Oligosoma and Cyclodina are closely 
related, are found on Mauritius Island, in the Indian Ocean, and around the south west 
Pacific (Hickson et al., 2000). The islands suggested as routes of dispersal are all 
known to have skinks and geckos (Towns, 1974). Genetic (allozyme) studies of geckos 
from New Zealand and neighboring islands indicate that the closest sister group to 
New Zealand geckos is in New Caledonia (Hitchmough, 1998), thus making this the 
likely route of dispersal of lizards to New Zealand. 
There has been much speculation as to when the dispersal of lizards to New 
Zealand occurred. Primarily, Hardy (1977) suggested that skink dispersal occurred 
around 5 Mya, after the geckos’ initial diversification in the Miocene (Kluge, 1967), 
and that speciation would have occurred when glaciations geographically isolated 
populations of skinks and the newly formed species reinvaded the areas occupied by 
the ancestral species. But more recently, Towns et al. (1985) hypothesized that skink 
populations became isolated even before the ice age, during mountain building, or in 
tussock islands separated by forests. Genetic allozyme divergence found within 
Leiolopisma nigriplantare maccani and between this species and L. zelandicum, 
indicates that skink divergence might have occurred in the early Miocene, 
contemporary to that of the geckos’ (Towns et al., 1985) (and not as recently as 5 Mya 
as Hardy (1977) suggested). More recent studies on skink genetic diversity agree with 
this older divergence (Daugherty et al., 1994; Hickson et al., 1992; Hickson et al., 
 18
2000; Patterson & Daugherty, 1990). 
Recent support for this old age of divergence is given by a phylogenetic tree 
built for 25 New Zealand skinks from the genus Oligosoma and Cyclodina, using 12S 
rRNA sequences (Hickson et al., 2000). This 12S tree had low bootstrap values for 
most nodes. This is probably because there were two relatively rapid phases of 
divergence, one for each genus, in a relatively short period of time. The comparison of 
the levels of diversification with rates of evolution of other taxa suggests that the 
divergence of the Oligosoma genus occurred in the Oligocene or early Miocene (25-35 
Mya) (Hickson et al., 2000). During the Oligocene, New Zealand was fragmented in a 
series of low-lying islands, as a result of a sea level rise which reduced the landmass 
significantly, called “Oligocene Drowning” or the “Oligocene Bottleneck” (Cooper, 
1998; Cooper & Millener, 1993), because terrestrial niche diversity is likely to have 
reached a minimum, and thus reduced drastically the terrestrial biota (Cooper, 1998). 
This phenomenon would have driven allopatric speciation of the surviving terrestrial 
species that were better adapted to coastal or grassland habitats, such as lizards 
(Daugherty et al., 1994). According to the phylogenetic study of Hickson et al. (2000), 
the divergence of Cyclodina is likely to have occurred later, during the Miocene (15-24 
Mya), when forests (their habitat) were expanding.  
McCann’s taxonomic review (1955) is the basis of the modern classification of 
New Zealand’s amphibians and reptiles. In McCann’s review, Leiolopisma zelandica 
comprised the “small brown” or common skink, and cryptic species. Later named 
Leiolopisma nigriplantare maccani, the common skink had the greatest geographical 
and altitudinal range of any New Zealand skink, occurring from the central North 
Island to Stewart Island (Hardy, 1977).  
Patterson (1985) used extensive morphological, ecological and reproductive 
data to demonstrate the presence of three sympatric morphs of the common skink in 
Central Otago. Reproductive isolation of the morphs was confirmed by Towns et. al. 
(1985). Following a biogeographical and allozyme analysis (Patterson & Daugherty, 
1990), the common skink was reclassified into four cryptic species that were 
geographically distinct. These were L. maccani, from the central and southern South 
Island; L. microlepis from central North Island; L. notosaurus, from Stewart Island; L 
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inconspicuum from the southern South Island, and the widespread Leiolopisma 
nigriplantare polychroma, from central North Island to much of the South Island and 
Stewart Island. In 1995, all New Zealand Leiolopisma species were referred to the 
resurrected genus Oligosoma when further allozyme studies revealed its endemism 
(Patterson & Daugherty, 1995). 
As part of this thesis, the phylogenetic relationships between the species 
included in this study were inferred from Hickson et al. (2000). A cladogram is 
presented in figures 7 and 8, in section 1.4 (page 40) and the description of the 
neighbor-joining tree is presented in section 3.5 (page 73). 
 
Common skink 
The first ecological study of this viviparous skink was carried out in areas 
within the limits of the city Wellington by Barwick (1959), when it was known as 
Leiolopisma zelandica. The species was found in any small area with sufficient cover, 
moisture, food and sunlight; such as in city gardens, coastal beaches and shingle  river 
beds. Sexual maturity commenced at 20-21 months, ovulation occurred in October, 
gestation was 12 weeks and parturition of three to five young took place in January. 
Home-ranges were of around 10 m2 and overlapped considerably, but aggressive 
behaviour was not observed.  
 
Common and McCann skinks in Canterbury  
 
In Banks Peninsula and surrounding areas of coastal Canterbury, the McCann 
skink is often sympatric with the spotted skink O. lineoocellatum or with the common 
skink and the Canterbury gecko Hoplodactylus aff. maculatus (Lettink & Whitaker, 
2004). The Canterbury gecko, McCann and common skinks measure up to 160 mm 
(total length), and the spotted skink is the largest in the area, measuring up to 250 mm 
(Lettink & Whitaker, 2004). 
Freeman (1997) carried out the most complete research on the ecology of the 
Kaitorete spit skink community to date. He studied the McCann and common skinks 
and reported contrasting findings to those of Patterson (1992) in Central Otago. The 
McCann skink, with grass-mimicking stripes, was confined to dunelands (Freeman 
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1997), where the native sand binder grass “pingao” (Desmoschoenus spiralis) is 
present (Wardle, 1991). In contrast, in the scrubland terraces behind the dunes (where 
shrubs and herbs predominate as described previously) Freeman (1997) only found 
common skinks, which had darker and speckled or checkered coloration.  
In Birdling Flat, both species are found sympatrically in the shrubland. The 
number of McCann skinks caught in pitfall traps in the shrubland tends to be higher 
than the number of common skinks. This could be explained by a low attraction of the 
common skink to the pitfall traps because it is caught in high numbers under artificial 
covers (Marieke Lettink, pers. comm, 10 March 2005).  
The diurnal activity patterns of these two species are significantly different. 
McCann skinks reached their highest activity within 3-6 hours of sunrise, while 
common skinks peaked between 6-9 hours after sunrise. Stomach contents have also 
revealed important differences in their diets (Freeman, 1997). Both species exhibited 
thermophysiological differences when studied as L. zelandica in the same region 
(Morris, 1974).  
The coloration and pattern of the common and McCann skinks vary in different 
regions. For example, a spotted morph of the common skink is present in coastal 
Canterbury (Lettink & Whitaker, 2004) and Marlborough (Patterson & Daugherty, 
1990), but a striped morph is present in Otago (Patterson, 1992). The common and 
McCann skinks in this study were identified with the key for Banks Peninsula lizards, 
provided by Lettink and Whitaker (2004), consistent with Freeman’s study (1997). 
A summary of the common and McCann skink morphs found in the Canterbury study 
site is presented in table 1. 
 
Table 1. Common and McCann skink morphs present at Birdling Flat from which mites were sampled 
Scientific name Common name Morph Habitat 
O. n. 
polychroma 
Common skink Spotted Shrubland 
O. maccani McCann skink Striped Duneland and 
shrubland 
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Common and McCann skinks in Otago 
Patterson (1985) studied the ecology of the McCann, common and Cryptic 
(Oligosoma inconspicuum) skinks when they were still known as the species L. n. 
maccani, in the Rock and Pillar and Lammermor Ranges, close to Dunedin, Otago. 
Patterson (1985) suggested they be treated as three reproductively separate species, 
provisionally calling them Leiolopisma Type 1 “striped”, Type 2 “speckled”, and L. 
maccani “spotted”.  
The McCann skink (or L. maccani, “spotted”) is a diurnal invertebrate predator 
and fructivore, mostly found under rocks in tussock grassland or under spiny shrubs 
and herbs in shrublands. Rock outcrops are its preferred habitat.  In the wild and in 
greenhouse settings, McCann skinks defend specific sites from other lizards, showing 
aggression (Patterson, 1985). 
Patterson (1985) noted that the common skink (Type 1 or “striped”) prefers 
grasses, which were mimicked by its marked stripes. The common skink was described 
a diurnal invertebrate predator and fructivore, with a  mean home range of 14 m2 which 
showed intraspecific aggressive behavior, usually to defend specific sites. Common 
skink populations seemed to live sympatrically with the other two species (Patterson, 
1985). 
The Type 2 (“speckled”) skink (Patterson 1985) was named Oligosoma 
inconspicuum or cryptic skink according to allozyme differences (Patterson and 
Daugherty 1990) and its speckled pigmentation pattern. 
Once named separately as McCann and common skinks, Patterson (1992) 
confirmed significant differences between the microhabitats used by these skinks in a 
140 km2 area of the Rock and Pillar/Lammermoor Range. The common skink (or 
striped morph) was associated with grasses (mainly tussocks), and had clearly defined 
stripes along the length of the body. The McCann skink (or “spotted” morph) was 
associated with the herbs and shrubs or rock outcrop microhabitats. No significant 
differences in their daily active hours were found but there were important differences 
in their diet. These two species had overlapping home ranges, and defended only 
specific territories, which were mostly basking sites. 
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It is important here to make clear that the common skink in Otago has the 
morph Type 1(“striped”), resembling the McCann skink in Birdling Flat (Freeman, 
1997), sampled for mites in this thesis. Likewise, the McCann skink in Otago has the 
morph Type 2 (“spotted”), resembling the common skink in Birdling Flat.. Their 
current taxonomical classification obeys to allozyme analysis (Patterson and 
Daugherty, 1990) and small but not totally exclusive morphological differences (such 
as chin speckling in McCanns and slightly different number of scales under the fourth 
toe of the hind feet) described by Reardon and Tocher (2003). 
 
Otago and Grand skinks 
The Otago and Grand skinks are among the largest species of New Zealand’s 
endemic lizards. New Zealand lizards have a snout-vent length (SVL) ranging from of 
70 to 140 mm). The Otago skink grows to an approximate SVL of 120 mm, and may 
weigh approximately 35g. The Grand skink is smaller, reaching 100 mm of SVL, and 
weighing approximately 18 g (Whitaker & Loh, 1995). The remaining extant 
populations of these species are found in Central Otago, where they inhabit deeply 
creviced schist rocks, and their distribution is patchy and localized. A recent survey has 
shown that the Grand skinks, which inhabit the tops of ridges, had a greater decline in 
their distribution than Otago skinks, which inhabit gully sites. This decline probably 
demonstrates the effect of agriculture on the skink populations, which has altered the 
ridge sites rather than the gully sites (Houghton & Linkhorn, 2002).  
Otago and Grand skinks are both diurnal, omnivorous (they feed on 
invertebrates, fruit and even smaller skinks), heliothermic (their temperature is 
modulated by sun-basking) and apparently not strongly territorial (Whitaker & Loh, 
1995).  
At Macraes Flat, Reardon and Norbury (2004) recently studied the level of 
skink infestation with ectoparasites of the common, McCann, Otago and Grand skinks. 
All four species of skinks were in contact with each other, often in the same refugia, 
and all their home-ranges overlapped to some extent (Reardon & Norbury, 2004). No 
cryptic skinks were captured (probably because they have small home ranges of 8 m2 
(Patterson, 1985)). The parasitic mites Odontacarus lygosomae and Ophionyssus 
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scincorum were found on all four species of skinks, and Neotrombicula naultini was 
exclusively found on the common gecko. The prevalence of Odontacarus infection on 
the four species of skink was not significantly different according to gender, but was 
significantly higher for adults than for juveniles. Prevalence of infection for both 
species of parasites was significantly greater for Otago skinks than for the other skink 
species. 
Reardon and Norbury (2004) pointed out that Grand and Otago skinks make 
repeated use of their rock refugia, and that this may be related to the significantly 
higher ectoparasite infection levels they found for them. The repeated use of specific 
refugia was indicated by Arnold (1986) as a promoter of parasite infection. The rock 
crevices used by these two skink species are believed to be more conducive to 
ectoparasite infection and transmission compared to the refugia found in soil, 
vegetation or rock interfaces that are used by the common and McCann skinks. The 
higher parasitemia levels of the Otago skink could be linked to its habit of forming 
mixed age and gender groups during early spring as well as possibly having communal 
winter refugia, as opposed to the Grand, McCann and common skinks. A summary of 
the skinks studied at Macraes Flat is presented in Table 2. There are photos of Macraes 
Flat with its rock tors in the CD files names “Macraes Flat 1, 2, 3 & 4”, in the “photos” 
folder. 
Table 2. The skink species and morphs present at Macraes Flat from which mites were sampled  
Scientific name Common name Morph  Habitat 
O. n. 
polychroma 
Common skink Striped Grasses (tussocks) 
O. maccani McCann skink Spotted Herbs, shrubs,  rock 
outcrops 
O. otagense Otago skink 
 
Dorsal 
cream/greenish 
blotches on black  
Rock outcrops in 
tussock grassland 
O. grande Grand skink Dorsal rows of 
cream/greenish 
speckles on black 
Rock outcrops in 
tussock grassland 
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Skink distribution and conservation status 
This study included mite samples from two regions in the South Island of New 
Zealand to take into account any geographical influence on the genetic variation within 
the mite species.  
The McCann skink is found in different locations in the South Island, from 
Otago to Canterbury only, while the common skink is found throughout the North and 
South Islands (Patterson & Daugherty, 1990).  
The Otago and Grand skinks are only found in Otago, where they are also 
sympatric with the McCann, common, and Cryptic skinks (Patterson & Daugherty, 
1990), the Green skink (O. chloronoton) (Hardy, 1977) and the common gecko 
(Hoplodactylus maculatus) (Reardon & Norbury, 2004).  
All skink species in New Zealand are protected by the Wildlife Act 1953. They 
may not be captured, collected or deliberately disturbed without a permit from the 
Department of Conservation. Both Otago and Grand skinks are listed critically 
endangered (Hitchmough, 2002), in Category A of National Conservation (Molloy & 
Davis, 1994), and Vulnerable by the IUCN (IUCN, 2004). The populations of Otago 
and Grand skink species are fragmented over a large area and are increasingly 
vulnerable. However, these populations are thought to be part of a metapopulation, 
where local extinctions are balanced with recolonizations (Houghton, 2000; Stanley, 
1996; Whitaker, 1996). 
The cause of the decline of Otago and Grand skinks in Otago (Whitaker & Loh, 
1995) is mainly through habitat degradation, first produced by early Maori fires and 
later by grassland and tussockland burning for agricultural development. Introduced 
herbivores, such as rabbits, have reduced the lizards’ food sources and cover from 
predators (rats, cats, stoats, ferrets, little owls, magpies), which are widespread in 
Otago. 
1.2.2. The Parasite 
Mites of the genus Odontacarus belong to a group of prostigmatid mites 
commonly known as “chiggers”. Chiggers consist of several related families, including 
the Trombidiidae and Leeuwenhoekiidae. Chiggers are parasitic as larvae but free-
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living as adults. The specimens in this study belong to the family Leeuwenhoekiidae. 
Chiggers have been found to live on reptiles, snakes, insects and mammals. 
They became a focus of research, because the genus Leptotrombidium is vector of a 
rickettsia (Rickettsia tsutsugamushi), which caused epidemics of Scrub Typhus among 
troops in Japan and its Asian-Pacific surroundings during World War II. The adults of 
these mites are between 1 and 2 mm long. Infected mites may have the rickettsia 
throughout their body but it concentrates in their salivary glands.  The rickettsia is 
inherited by transovearial transmission to the offspring. Larvae transmit the disease 
when they attach to rats or humans to feed on lymph and tissue detritus. The disease 
itself has various unspecific symptoms during the first five days, except for the rash 
and necrosis in the area of bite, which enlargens to up to 12 mm. During the second 
week, a dull red rash may appear all over the body, especially on the trunk. Further 
symptoms are enlargement of the spleen, nervous disturbances and delirium. Mortality 
ranges from 6-35%, and can occur by the end of the second week of infection, due to 
circulatory failure or secondary infections (Harwood & James, 1979; Traub & 
Wisseman, 1974). 
The chigger life-cycle (as described for trombidiids by Zhang (1998)), begins 
with an egg, a prelarva, and a hexapod parasitic larva which lives attached to the host 
for only a few days or weeks. Depending on the level of engorgement, a larva’s body 
length is between 0.25 and 0.5 mm (Sasa, 1961). After feeding, the larva then drops in 
the soil and becomes a non-feeding octopod protonymph, and a predatory and free-
living deutonymph; which forages on the soil’s surface and plants. Following this, the 
chigger becomes a non-feeding tritonymph, and finally, a predatory and free-living 
adult, found commonly in soil, humus, moss, and litter (Zhang, 1998). The number of 
generations a chigger can produce in a year (one to five or more) depends on the 
species, location, environmental conditions, amount and kind of food supply, local 
temperatures and climate (Sasa, 1961).  
Chiggers prey on various insects and mites (including some of economic 
importance), and their potential as biological control agents is being considered 
(Zhang, 1998). 
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Sasa (1961) reviewed a series of studies on chigger behaviour. Chiggers are 
attracted to the breath of a host (animal or human), or diluted carbon dioxide (CO2) 
gas, to which they react by climbing up to near the top of the object they rest on, so as 
to grasp the opportunity of attachment. Chiggers also react to a sudden reduction of 
light intensity with a “questing response”, where the mite waves its front legs in the air 
and sometimes even rests its body on the substrate and elevates all legs. Chiggers also 
show negative geotaxis and negative phototaxis. When something approaches the 
object on which the mites rest (thus shading it), these crawl to the top of the object, 
forming clusters of vigorously moving mites (“Ueno’s phenomenon”). Chiggers can 
move relatively fast and temperature and substrate influence their speed. Two species 
were found to be capable of moving at a rate of 24 cm per minute at 25oC (Sasa, 1961). 
Most chiggers tend to attach to hosts at a specific site and in closely packed 
clusters. For some host species the site is the epithelium of ears, anal area, or eye 
margins, lizards’ axilla (as is the case of the Odontacarus spp. that form the subject of 
this study), mammae on female dogs and almost anywhere on humans (Sasa, 1961). 
Zhang (1992) hypothesized that superparasitism (numbers of more than one 
mite on a host) would be an adaptation to increase the chance of a mite finding a mate 
in new areas following dispersal of the larval stage. For example Allothrombium 
pulvinum (Acari: Trombiculidae) is ectoparasitic on aphids in its larval stage. Zhang 
(1992) suggested that these mites can discriminate between a parasitized and an 
unparasitized host either because 1) the parasitized hosts are more vulnerable to attacks 
or 2) the interaction between the parasitized host and the parasite produces a chemical 
that is attractive to other conspecific parasites. 
On skinks, chiggers feed on lysed tissue (Resh & Carde, 2003) and are mostly 
concentrated in “mite pockets” which are skin invaginations around the neck, axilla, 
groin and postfemora. It has been suggested (Arnold, 1986) that since the skin of these 
pockets is elastic and rapidly healing, they might be an adaptation of taxa prone to 
chigger infestation,  to concentrate and minimize the damage caused by the parasites. 
This suggestion has been debated as the pockets have also been considered 
phylogenetic baggage (Bauer et al., 1990; Bauer et al., 1993) (or trends without an 
immediate purpose or function that are inherited from ancestors). Salvador et al. (1999) 
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used lacertid lizards to examine the  benefits of the pockets.  The results of Salvador et 
al. (1999) suggested that the concentration of mites in the pockets, as opposed to 
elsewhere, was beneficial for the lizards when home range and survival were 
compared. 
The level of damage to the skinks’ health produced by chigger mite infestation 
in the wild has not been determined, but Goldberg and Holshush (1992), demonstrated 
that lizards might develop focal ulcerative dermatitis and granulomas on mites’ 
attachment sites. In captivity, the damage that mite infestations cause to a reptile 
include anemia, damaged scales (which predispose the skin to infection), peri-orbital 
inflammation, anorexia, blood-borne infections, difficulties in shedding and death 
(Klingenberg, 1993). 
One study indicated that a high prevalence and infestation of mites (Laelapidae) 
on the common lizard (Lacerta vivipara) was not correlated with the high density in 
which some lizard populations live, and that lizards do not avoid contact with those 
that are highly infested (Sorci et al., 1997). It was also found that for this same lizard 
species, the offspring of highly infested mothers grew faster, which was suggested to 
be a defense mechanism (Sorci & Clobert, 1995). In a another study, a smaller gain in 
body mass was detected for those lizards with higher parasite loads (Klukowski & 
Nelson, 2001). 
The abundance of infestation on the host can be seasonal. In Tennessee, chigger 
abundance and infestation intensity on the Eastern fence lizard Sceloporus undulatus 
showed a seasonal fluctuation. Chigger abundance was low in the spring, eight-fold 
higher in the summer, and declined six-fold in the autumn (Klukowski, 2004). 
 
 
1.3. COPHYLOGENY AND DNA TAXONOMY  
A molecular approach to the identification of mites is highly advantageous 
compared to solely a morphological one, because many instars or life stages are not 
known or are so morphologically different to each other that they have been described 
as separate species (Walter & Proctor, 1999). Also, some parasites may have a limited 
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number of morphological characters useful for delimiting species. The genetic 
identification of species is by far the most utilized application of molecular techniques 
in parasitology (McManus & Bowles, 1996). 
Blaxter (2004) has indicated how the technique of DNA extraction, PCR and 
sequencing can be applied to all taxa to provide identification and evolutionary data 
irrespective of the sexual morph or life stage of the organisms. When this approach is 
taken to identify species status and cryptic species it is known as DNA taxonomy, 
which can be an additional tool for species identification to the traditional 
morphological taxonomy, especially when there are no evident morphological 
differences. For example, genetic variation can shed light on the geographical origin of 
a population when compared to other genetic types of the morphological species. The 
matching of samples to a species (the combination of morphological and DNA 
taxonomy) is known as DNA barcoding. In the future, automated species identification 
should reduce considerably the confusion, high costs and labor involved in the current 
massive routine identification of specimens for many purposes around the world 
(Gaston & O'Neil, 2004), including bio-security and conservation programs. 
There is currently an international effort underway to create a universal 
database available on the Internet that would include information on morphology and 
digital vouchers as well as representative DNA sequences of all species. Several online 
projects are being developed, the most ambitious of which focuses on barcoding all 
forms of life, using part of the Cytochrome c Oxidase I gene (COI) (see 
http://www.barcodinglife.com/). Changes in a fast evolving segment of this gene allow 
molecular biologists to detect differences at the species level. 
In this study we compared genetic differences between Odontacarus 
individuals found on the different hosts to infer their phylogenies, estimate the most 
likely coevolutionary events and relate them to the free-living stage of the parasite. The 
specific molecular techniques needed to obtain barcodes from Odontacarus have not 
yet been developed. This study provides further background on the amplification of 
mite genes for future barcoding projects. 
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1.3.1. Molecular Markers for Mite Genes 
The genes used in this study were Cytochrome c Oxidase subunit I (COI) and 
the Internal Transcribed Spacers 1and 2 (ITS1&2), as they are suited for studies at low 
taxonomic levels, such as differences within a species (Cruickshank, 2002). 
The use of two genes of different nature (mitochondrial and nuclear) for 
building phylogenetic trees gives a more robust phylogenetic reconstruction. If 
different haplotypes within a species were found for the maternally inherited COI gene, 
sequences of the Internal Transcribed Spacer 1 and 2 nuclear gene (or segments 1 and 
2 separately) would reveal whether there is recombination (gene-flow) between them. 
If individuals from the different COI haplotypes were not interbreeding, they could be 
considered separate species.  
Cytochrome c Oxidase subunit I  
Cytochrome c Oxidase subunit I (COI) is a mitochondrial protein-coding gene. 
Mitochondrial genes have been widely used in molecular systematics because of their 
high copy number, and because of their strictly maternal inheritance. Mutations that 
translate into a different amino-acid (replacement or non-synonymous substitutions) 
are less frequent than those that translate into the same amio-acid (silent or 
synonymous substitutions). The third base in a codon from a protein-coding gene 
evolves more quickly than the first two positions.  The higher substitution rate of the 
third codon makes it become more randomized than the first and second positions 
(Hillis et al., 1996), and most synonymous substitutions occur on this codon. This 
allows the detection of recent changes in the third codon, while being able to use the 
highly conserved portions of the first and second codons to compare sequences from 
more distant taxa. For example, COI has been used to distinguish between two 
morphologically identical Varroa (Acari: Varroidae) (formerly Varroa jacobsoni) 
species that infested different bee species (Anderson & Trueman, 2000). Another 
example of this use was given by Navajas et al (1998) who found extensive 
intraspecific polymorphism of the COI gene in the phytophagous mite Tetranychus 
urticae. 
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Internal Transcribed Spacers 1 and 2 
Internal Transcribed Spacers 1 and 2 (ITS1&2) are regions of the nuclear 
ribosomal gene cluster, between the 18S, 5.8S and 28S rDNA genes. These three genes 
are transcribed to RNA and separated by the ITS1&2 regions. The spacer regions are 
not translated into protein. Instead, the RNA forms part of a ribosome. These spacer 
regions are under very little selection pressure and may accumulate base substitutions 
quickly, which gives them rapid evolution rates. These high rates make spacer regions 
very useful for distinguishing between closely related species and they have been 
successfully amplified for various species across the arachnid and insect orders as well 
as from vertebrates (Jie Ji et al., 2003; Navajas et al., 1998). 
ITS 2, the second internal transcribed spacer region (between 5.8S and 28S 
rDNA), was first used in mite phylogenetic studies a decade ago (Navajas et al., 1992).  
As well as COI, ITS 2 was also useful for the study of the geographically related 
genetic variation of the spider mite Tetranychus urticae (Navajas et al., 1998).  
  1. 3. 2.  Molecular Systematics and Phylogenetic Inference 
DNA sequences can be used to build phylogenetic trees because their variation 
allows to infer evolutionary relationships. This is research area is called molecular 
systematics. The types of data used to build phylogenetic trees can be discrete 
characters or similarities and distances (Hillis et al., 1996). A discrete character 
provides information about an individual species or sequence. On the other hand, 
similarities or distances represent quantitative comparisons of two taxa (or sequences). 
In phylogenetic analysis, sequences of different taxa are aligned to each other to enable 
the pairwise comparison of nucleotide bases. Character data is assumed to share a 
common origin, or homologous.  Homology, in a phylogenetic context, means inferred 
common ancestry: All the states observed for that particular character must have 
derived from a corresponding state in the common ancestor of those taxa (Hillis et al. 
1996). In a quantitative (or distance) analysis of two sequences, each comparison of 
base pairs in aligned sequences describes the pairwise relationship between characters 
in different sequences. The higher the number of pairwise differences between two 
sequences, the greatest is the evolutionary distance between them. For phylogenetic 
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tree terminology, see Appendix III. 
Most character-based methods of analysis assume independence among 
characters, allowing the most time-consuming stages of computational algorithms to be 
treated as separate, simpler problems. Character data may be qualitative (a discrete 
value) or quantitative (a continuous variable value, which is measured on an interval 
scale). Qualitative character data may have two states (binary) or more (ordered or 
unordered multistate). Nucleotide sequence data are treated as unordered multistate 
characters, because there is no reason to assume that one nucleotide base would be the 
intermediate state between two others (Hillis et al., 1996). 
Another assumption that is required for phylogenetic analysis of sequence data 
is positional homology. The nucleotide (e.g. Adenine) found in a certain position (e.g. 
position 99) in the taxa under study should all trace their ancestry to a single position 
that occurred in their common ancestor. In order to make believable the assumption 
that nucleotides at corresponding positions are in fact homologues, insertion and 
deletion events must nearly always be postulated (except for highly conserved regions). 
Sometimes it is necessary to insert gaps (which correspond to insertions or deletions) 
into one or more of the sequences to achieve the alignment of sequences to enable 
analyses. This helps to place positions which are likely to be homologous into the same 
column (or position) of the matrix (or sequence alignment) (Hillis et al., 1996). 
Inferring a phylogeny is the procedure in which information contained in the 
data is used to make the best estimate of a phylogeny. There are two ways in which the 
best trees are selected from among the set of possible phylogenies (Hillis et al., 1996). 
1) An algorithm defines a specific sequence of steps that leads to the determination of 
the best tree. 2) An optimality criterion defines how to compare possible phylogenies 
with each other (and decides which is better if there is such a tree). As well as these, 
Bayesian Inference is a recent method that uses a different approach derived from these 
methods. 
The ideal situation would be to have complete knowledge of the evolutionary 
process. Then the phylogenetic inference method would be free of systematic error. 
This could only be achieved with all the necessary data, or even if the data were not so 
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complete, but the assumed model was correct. “A model does not have to be perfect in 
order to be useful” (Hillis et al., 1996). 
Algorithmic methods are all those that include pair-group analysis and other 
distance methods such as neighbor- joining and UPGMA (Hillis et al, 1996). These 
methods are fast to run on computers because they proceed directly toward the final 
solution without having to go through the evaluation of large numbers of possible trees. 
The result is a tree with branch lengths that are relative to the number (or fraction) of 
base substitutions that have taken place between one node and another. The number of 
substitutions between a pair of taxa is indicative of the divergence between the nodes 
that each taxa defines. The topology of the tree represents the order in which the 
different sequences diverge, placing together (as neighbors) every pair of taxa that 
have the least divergence between each other. This produces a fully resolved tree; 
every node diverges into two branches. 
Algorithmic methods: 
 Neighbor–Joining  
As a distance method, neighbor-joining tree inference transforms the aligned 
sequences into a distance matrix of pairwise differences between sequences (Hillis et 
al., 1996). The differences or distances are expressed as a fraction (or percentage) of 
sites in which nucleotide bases are not identical between two sequences. Higher 
proportions of unequal substitutions between the sequences would suggest that the two 
taxa have been evolving separately and are less related than other taxa with less 
distance between them. The distance reflects the mean number of substitutions per site 
that have occurred between a pair of sequences since their divergence from the 
common ancestor. The branching order and branch lengths are computed from the data 
in this matrix. The tree is a graphical summary of the distance matrix. The result is 
always a fully resolved tree based on the pairwise differences between characters, in 
proportion to the total number of bases in the studied sequence. To calculate the 
distance between taxa (or DNA sequences) branch lengths of all the branches between 
these taxa must be added.  
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Neighbor-joining can be fast, compared to optimality criterion methods, and 
can handle hundreds of taxa, but it can be sometimes misleading, as it will always 
create the same tree for a particular dataset (if the data is presented in the same order). 
The resulting tree does not have an index of strength to support it, because it is not 
compared to any other trees. A tree that has been made quickly with neighbor-joining 
may be improved with an optimality criterion method (Felsenstein, 2004). 
Neighbor-joining does not assume an evolutionary clock, it simply clusters 
taxa according to the distance between them. For example, a new change might occur 
in a position where there has been a previous change (multiple hit), thus obscuring the 
first change and leading to an inconsistent tree. Multiple hits remain unaccounted for 
unless distances are “corrected” using appropriate models of sequence evolution. The 
changes between sequences can be considered as corrected distances by estimating the 
number of unseen events using the same types of models employed in maximum 
likelihood analysis. The corrected distances are estimates of the true evolutionary 
distance (Hillis et al., 1996). 
Optimality criterion methods search for the tree that best meets some optimality 
criterion by evaluating individual trees. Parsimony and Maximum likelihood are 
optimality criterion methods, which have two logical steps (Hillis et al., 1996). The 
first step requires evolutionary assumptions: an objective function for evaluating or 
scoring a given tree must be established to allow the comparison of trees (this is the 
optimality criterion). The second step uses specific algorithms for computing the 
positive or negative values obtained with the objective function and finding the best 
trees according to this criterion (thus, in this method, algorithms are merely tools). The 
methods tend to be much slower than those that are solely algorithmic, because of the 
time it takes to search for the tree(s) with the best score and the number of possible 
trees that must be evaluated. The trees can be ranked in order of preference according 
to the chosen criterion. For datasets that include more than about a dozen  taxa, the 
search for the best tree is usually not exact, as an exhaustive search (that guarantees 
finding the right tree) is usually not feasible because it can be very time-consuming 
(Hillis et al., 1996). In most cases a heuristic search must be employed. A starting tree 
is first built with neighbor-joining or stepwise addition. Stepwise addition begins with 
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two taxa. Further taxa are added to the tree one by one at the position that maximizes 
the chosen optimality criteria. If the taxa are added to the tree in the order in which 
they are present in the dataset, it is being added “as-is”. Once a starting tree is made, 
branches of the tree are swapped around to see if any of the alternative arrangements 
increase the optimality of the tree. Several different branch-swapping algorithms are 
available. Of the branch-swapping algorithms implemented in PAUP the method that 
samples the largest number of possible trees is tree bisection and reconnection (TBR). 
Other methods are subtree pruning and regrafting (SPR) and nearest neighbor 
interchange (NNI), but TBR is the most thorough because it examines a larger sample 
of possible trees. The process is comparable to climbing a hill and jumping from the 
top of a hill (of trees with high scores) to a higher hill (of the sampled trees with even 
higher scores) and then climbing that one (and so on). This is an important advantage 
over the purely algorithmic method for constructing trees, which leads to one result (or 
tree) when there might be many more trees (thousands or even millions) that explain 
the data just as well (Hall, 2001).  
 
Optimality criterion methods:  
Parsimony 
Parsimony methods have been the most widely used numerical approach for 
inferring phylogenies directly from character data. They are based on the notion that 
simpler hypotheses are preferable to more complicated ones. Parsimony methods seek 
simplicity when explaining attributes that are shared by taxa that have been inherited 
from a common ancestor. The idea is to infer phylogenies by selecting the trees with 
the shortest tree length (or minimum number of evolutionary steps or base 
substitutions) that can explain a given set of data. This probably results in an 
underestimation of the true amount of change (Hillis et al., 1996).  
 
 
Maximum Likelihood  
In maximum likelihood methods, the hypothesis that maximizes the probability 
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of observing the data that has been obtained is chosen. This probability is calculated 
with a model of evolutionary change. If substitution rates are equal in the model of 
evolutionary change, there is a better chance for the substitution of any nucleotide pair 
to occur in the longer branches of a tree. Estimation of branch lengths an important 
component of this method, making maximum likelihood consistent in many situations 
in which parsimony could not, because the latter ignores branch lengths in the trees it 
evaluates. Maximum likelihood often produces estimates that have lower variance than 
other estimation methods (and are often the least affected by sampling error). Instead 
of minimizing change (like parsimony), likelihood attempts to estimate the actual 
amount of change according to an evolutionary model (Hillis et al., 1996). 
 
Bayesian Tree Inference  
Bayesian methods are the newest tool for infering phylogenies (Huelsenbeck et 
al., 2001). They are based on the “posterior probability of a tree”, which can be 
interpreted as the probability that the tree is correct, conditional on the observations. 
Inferences about the history of a group are made based on this posterior probability. 
The tree with the highest posterior probability is selected as the best estimate of 
phylogeny. 
According to Bayes’ theorem, a posterior probability of a tree can be calculated 
using two components:1) the prior probability of a phylogeny (or tree) before the 
observations have been made (which is usually considered equal for all trees), 2) the 
likelihood of the tree, which is proportional to the probability of the observations (or 
the alignment of DNA sequences) (Huelsenbeck et al., 2001). The likelihood is 
calculated with one of the standard Markov models of character evolution. The 
calculation process involves a summation of all trees, and for each tree, an integration 
of all possible combinations of branch lengths and substitution model parameter 
values. One of the most useful available numerical methods for doing this calculation 
is the Markov chain Monte Carlo (MCMC). This chain considers the parameters of the 
chosen model and a stationary distribution that is the posterior probability distribution 
of parameters. The process involves two steps; 1) a new tree is created by randomly 
altering a primary tree. 2) The new tree is either accepted or rejected with a probability 
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described by Metropolis et al. (1953) and Hastings (1970). If the new tree is accepted, 
it is altered again, and so on. This process creates a chain of trees that can be sampled 
at regular intervals. Then the common features of the sampled trees are found and can 
be used to construct a consensus tree. The proportion of trees in the stationary 
distribution that contain a certain node that groups a clade is the posterior probability 
of the clade. Usually the first few trees to be sampled (about 200) are discarded from 
this analysis as burn-in as the starting tree may have influenced them. The posterior 
probability can be indicated for individual clades on a tree. This process is similar to 
running a maximum likelihood analyses with bootstrap resampling, where the 
bootstraps are replaced by the posterior probabilities of each node.  
Bayesian inference is much faster than maximum likelihood because it does not 
search for the optimal tree, but it tends to overestimate the support values for the clades 
in comparison to a bootstrap, thus it must be kept in mind that Bayesian tres  are less 
conservative than maximum likelihhod trees (Huelsenbeck et al., 2001).  
If the Markov chain is set and running adequately, the proportion of time that is 
spent altering a tree is an estimation of its posterior probability. A tree with a low 
posterior probability will be quickly discarded. The chains of possible trees should 
reach a stationary distribution (the burnin attemps to discard any trees that were 
sampled before this stationary distribution is reached), but this may not happen for a 
number of reasons. These reasons may be for instance a poor mechanism to propose 
new states of trees, or not running a long enough chain. Not running a chain for long 
enough minimizes the possibility of detecting pathological cases where the chain fails 
to converge, and gives a poorer approximation of the posterior probabilities of trees 
(Huelsenbeck et al., 2001). 
Huelsenback et al. (2001) implemented a variant of the MCMC algorithm (the 
Metropolis-coupled MCMC) and applied it to four large phylogenetic datasets that 
spanned the size and problems that systematists face today. Huelsenback et al. (2001) 
proved that inferences made from independent chains had no significant difference 
(they ran at least two chains per dataset) and the inferences obtained from the chains 
were valid. The results were highly consistent with parsimony analyses, the main 
difference being that deeper divergences had generally higher support with Bayesian 
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analyses, which for one case was congruent with other studies on other genes from the 
same taxa. Substitution estimation rates were higher too, as expected, since parsimony 
underestimates these by minimizing the number of changes at a site. Huelsenback et al. 
(2001) encourage taking alternative models into consideration when deciding which 
assumptions are to be made in the phylogenetic analysis, as the results will be 
conditional on the model utilized. 
 
Selection of a model of sequence evolution 
A model of evolution is necessary for the maximum likelihood and Bayesian 
tree inference.  A model of evolution predicts the manner in which base substitutions 
occur, as it considers the frequency of each nucleotide base in the sequence, the 
number of substitution types, and the among-site variation by 1) the proportion of 
assumed invariable sites and 2) the distribution of rates at variable sites. An 
evolutionary model will never be the “true” model that generated the observed data, 
however, it can be useful to approximate reality (Posada & Buckley, 2004). 
There are two kinds of changes in a DNA sequence by nucleotide substitutions: 
transitions and transversions. Transitions occur when a pyrimidine is substituted with 
another pyrimidine, e.g. cytosine to thymine, or a purine is substituted with another 
purine, e.g adenine to guanine. Transversions occur when a pyrimidine is substituted 
for a purine, e.g. thymine for cytosine, or a purine is substituted with a pyrimidine, e.g. 
guanine for adenine. 
Substitutions between different bases occur at different rates. For example, in 
protein coding genes and the non-coding control region of animal mtDNA, there can be 
up to ten times more transitions than transversions (Hillis et al., 1996). 
Model selection is based on the parsimony principle: hypotheses should be kept 
as simple as possible (Posada & Crandall, 1998). In statistical terms, the more variables 
in the model, the lower the bias (distance between the average estimate and the truth) 
and the higher the variance (spread of the estimates around the truth). As more 
parameters are added, the fit of the model is better, but the estimates of these 
parameters are less exact because there is less information available for each parameter 
separately (Posada & Buckley, 2004). The selection of the best evolutionary model that 
 38
fits the data is possible with computer programs such as MODELTEST, which uses two 
methods of selection: Hierarchical Likelihood Ratio Tests (hLRTs) and Akaike 
Information Criterion (AIC) (Posada & Crandall, 1998). The hLRTs method of 
selection starts with the simplest model (with the least parameters). If necessary, it 
adds more parameters. Each time a parameter is added, the likelihood of the data 
increases. A likelihood ratio test is carried out to see whether this increase in likelihood 
is statistically significant. If it is, then further parameters are added. The AIC tests all 
the models and chooses the one with the highest AIC score, so it is a global selection 
criterion. The model chosen by each method that suits best the molecular biology of 
the taxa studied is used for Maximum Likelihood or Bayesian tree inference. 
 
Bootstrapping a tree’s nodes 
Bootstrap analyses can be added to inferred phylogenies to indicate which 
nodes have strong support (Felsenstein, 1985) (e.g. over 80%). Boostrapping takes a 
subsample of the sites of the sequences that are in alignment and creates trees based on 
the subsample. A subsample is constructed by making a new data matrix with the same 
number of characters, and each character being chosen randomly, with replacement. 
That means that some characters may be represented several times in the new data 
matrix, while others may not appear at all, making each bootstrap analysis unique. This 
process is repeated, usually 100 to 1000 times, and the results indicate, for each node, 
the percentage of the created trees that share the node. This percentage is an estimate of 
the reliability of the grouping that that node creates (Hall, 2001). A majority rule 
consensus summarizes in one tree all the nodes that have more than 50% bootstrap 
support and that are compatible with each other. Nodes with bootstrap support below 
50% that are not compatible with the nodes in the consensus (with bootstrap values 
over 50%) are left out of the consensus. For nodes with <50% bootstrap support there 
may be incompatible nodes with higher support that do not appear in the consensus 
tree, therefore these nodes should treated with extreme caution, or removed from the 
tree (i.e. collapsed to polytomies). 
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Methods available for comparison of host and parasite trees 
Reconciliation analysis, as implemented in the program TreeMap 2.0 (Page, 
1994a), is used to compare host and parasite phylogenies while allowing for host-
switching, duplication, sorting events and cospeciation. A type of reconciliation, jungle 
analysis, finds the optimal cophylogenetic solution given the costs and various 
constraints enforced. For example, host-switching events are constrained to occur 
among contemporary nodes. An optimal or most parsimonious (lower cost) set of 
events can be found as a solution that explains the congruency or incongruency 
between trees. Jungle analysis randomizes the host and parasite trees to determine 
whether more coespeciation could be inferred than expected by chance (Johnson et al. 
2003). One example of its application is the study of dove lice that are likely to have 
failed to speciate in relation to their hosts (Johnson et al., 2003).  
 
 
1.4. HYPOTHESIS AND AIMS 
 
 
 
Hypothesis  
 
I expect that the free-living stage in the life cycle of Odontacarus will result in 
the finding of similar Odontacarus haplotypes on sympatric host species. This 
distribution could be explained by the parasite’s multiple and incomplete host-
switching over time (figure 7a) or its population’s evolutionary inertia (figure 7b). If 
cospeciation of the parasite and host has occurred, different parasite haplotypes will 
codiverge with their hosts (figure 8a) instead of remaining uninfluenced by their host’s 
evolutionary history (figure 8b). The host tree cladograms presented are based on the 
12S sequences of Hickson et al. (2000). 
As for the expected coevolutionary events between skinks and mites, host -
switching or evolutionary inertia are those most likely to have occurred, since the 
parasite is not so intimately linked with the host, only spending its larval stage as a 
parasite. Sorting events could have occurred for some mite populations if both 
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conditions necessary for them to live (appropriate soil habitat and hosts) have not been 
available at some point in the past. Because of the free-living stage, the mite’s 
offspring are not guaranteed to find a host or the engorged larva to find appropriate soil 
conditions and mates when it detaches (as opposed to parasites that always feed and 
breed on the host, like lice). Host-parasite cospeciation and intrahost speciation would 
be less likely coevolutionary events. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Comparison of a host tree (in black) with a congruent parasite’s phylogeny due 
to cospeciation (in grey) (a) or an example of incongruency for host and parasite 
phylogenies (b). 
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Figure 7. Hypothesis: a) parasite host-switching (red arrows) across the different hosts, or b)
evolutionary inertia (striped triangle representing the parasite over all host
species).
a)
              a)                                                 b) 
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Aims 
[1] To discover the effect that a free-living stage has on host-parasite 
coevolution and, [2] examine the DNA taxonomy of Odontacarus mites. 
Objectives 
1 Determine the haplotypes of fast evolving gene regions COI and ITS for Odontacarus 
mites found on four skink host species from Birdling Flat (Canterbury) and Macraes 
Flat (Otago). Identify any possible new mite species among the sampled specimens. 
2 Determine the mites’ genetic variability on the different host species at both study 
localities, and, using a nuclear gene (ITS) to detect if there are different haplotypes, 
and their level of interbreeding. 
3 Construct phylogenetic trees for Odontacarus and analyze at a biogeographical scale 
any genetic differences between mites from Birdling Flat and Macraes Flat.  
4 Analyze the Odontacarus trees to determine the most likely coevolutionary events. 
5 Construct a simple host cophylogenetic tree with the available literature and make a 
reconciliation analysis with the phylogenetic trees built for Odontacarus to detect 
coevolutionary events that could be attributed to a free-living stage. 
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2. METHODS 
2.1.  OBTAINING DNA SEQUENCES 
2.1.1.  Samples 
Between October 2004 and March 2005, Odontacarus mites were collected 
from all four skink species at Macraes Flat (figure 5) by James Reardon and assistants 
(DoC, Otago) and from common and McCann skinks in Birdling Flat by Mariana 
Vargas. The sites in Macraes Flat are Redbank Reserve (ridge habitat in the Redbank 
Reserve), Wildlife, and Falcon (gully habitats within the tributaries of Emerald Creek). 
There is a maximum of three km from each other and within the recently established 
Grand and Otago Skink Reserve. The Birdling Flat locality consisted of two sites in the 
shrubland of the base of Kaitorete Spit (figure 6). The sites, SA and SB, were separated 
by approximately two km. Site SA was at the entrance to Lake Ellesmere reserve, 
approximately two km off Bayleys Rd. Site SB was approximately one km north off 
Poranui Beach Rd. 
 
 
 
 
 
 
 
 
 
 
 
 
 
In both localities, common and McCann skinks were either trapped in plastic 
pitfall traps (figure 9) baited in the evening with tinned pear or peach dices or caught from 
Figure 9. Pitfall trap (left) and artificial cover traps (right). The Onduline ACO trap is indicated with an 
arrow. 
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beneath artificial cover traps (ACO) (figure 9), invented by Marieke Lettink. Each trap 
site had four rows of five pitfall traps separated by 5 m and interspersed. The pitfall traps 
were 4 L plastic containers (Reese Plastics) 19 cm tall and 18 x 18 cm wide, with holes 
drilled in the base to enable drainage. Traps were placed in the ground and made flush 
with the surface. They had plywood lids that were pinned with tent pegs to prevent the 
removal of the lid and access of predators to the trapped skinks. ACOs were in groups of 
three different types of roofing materials, and proved especially useful for trapping skinks 
in overcast days. The most efficient ACO traps were Onduline roofing tiles 
(www.onduline.co.nz) cut to 29 x 40 cm and laid on the ground as layers separated by 
sticks. Traps were baited in the evening to ensure the skinks would be trapped the 
following day and not have to spend the night in the trap. Another option was to bait the 
traps early in the morning of the same day that the traps would be cleared. Skinks were 
placed individually in clean linen bags when caught. Most skinks were previously marked 
by toe clipping by Marieke Lettink (DoC permit holder), who also kept records of the 
skinks’ measurements and mite abundance.  
 
Mites were removed with watchmaker’s forceps from the armpits of the skinks 
(figure 10) on the day of the trapping. The bags in which they were kept were marked 
with grid and number of the pitfall trap or artificial cover in which the skink was  
 
 
 
 
Figure 10. A skink from Birdling Flat with an orange cluster of chiggers in its right –
front axilla. 
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found, to ensure accurate release in the same site the following day. 
The individual number of each skink from which mites were collected was 
recorded (if it had been toe-clipped for another study). No skink was sampled on more 
than one occasion. 
Mites collected from each individual host were stored in a marked Eppendorf 
tube that contained 100% ethanol and refrigerated the same day. DNA was extracted 
from some samples within a few days of sampling, others were stored for up to 4 
months before DNA was extracted. 
 
2.1.2.  DNA Extraction 
To prevent mixing of genotypes, DNA was extracted from 106 individuals 
separately. The method was a less destructive adaptation of the standard DNeasy 
Tissue Kit from Qiagen (http://qiagen.com/) used by Cruickshank et al  (2002). A 
diagonal cut with a scalpel blade was made on one side of each mite, avoiding medial 
structures and leaving the mite whole. The incubation period of the mite with the lysis 
buffer lasted over two nights, after which the rest of the steps of the kit were carried 
out. In the final step, 50 µl of water was used instead of the suggested 200 µl elution 
buffer (buffer AE). A negative control was performed for each extraction and then 
included in the PCR and electrophoresis as an extraction control. The mite remained in 
the filter of the final collecting tube and was later taken from it and stored in 100% 
ethanol until slide mounting. Extracted DNA was stored at -20oC. The voucher 
specimens that could be found after the extraction were slide mounted for 
morphological examination (Ruedas et al., 2000) and deposited under the care of John 
Marris, Entomology Research Museum,  Bio-Protection and Ecology Division, Lincoln 
University. 
 
2.1.3.  DNA Amplification and Electrophoresis 
All DNA extractions underwent a Polymerase Chain Reaction (30 cycles of 
94oC x 2 min (denaturation), 92 oC x 0:30min, 45 oC x 0:30min (annealing), 72 oC x 
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1:30 min (extension) , 72oC x 5:00 min (final extension), 10 oC x ∞) on a Gene Amp 
PCR System 9700 thermocycler (Applied Biosystems). The reaction volume for each 
PCR tube was 25µl: 2.5µl DNA extraction and 22.5µl of master mix: 2.5µl of Buffer x 
10 (Qiagen), 2.5µl DNTPs (2 mM of each base) from the Deoxynucleoside 
Triphosphate set, PCR grade (Qiagen) diluted to 2% in water), 1.2µl of 10µM forwards 
primer, 1.2µl of 10µM backwards primer, 0.2 µl Taq DNA polymerase (Qiagen) and 
14.9µl water to complete 22.5µl. This was prepared as a mastermix for (n+2) tubes that 
did not include DNA. The DNA extract was added to each PCR tube after the 22.5µl of 
master mix. 
Each experiment included a PCR negative control with 2.5µl water instead of 
DNA extract). In various experiments a positive control for COI (freshwater mussel 
DNA) (Rob Cruickshank, pers comm 23 July 2004) was used to ensure the PCR 
reagents were working. 
The specific primers were: (CO1 primers: HCO 2198 (5’-
TAAACTTCAGGCTGACCAAAAAATCA-3’) and LCO1490 (GGTCAACAA 
ATCATAAAAGATATTGG) (Folmer et al., 1994) and ITS2 primers: MN 5.8s (5’- 
ATATGCTTAAATTCAGCGGG-3’) and MN 28s (5’-GGGTCGATGAAG 
AACGCAGC-3’) (Navajas et al., 1998) to amplify the desired gene region. Other ITS 
primers were tried out without success (Appendix IV). The PCR products were loaded 
into cells in an 1.5% agarose gel made with 0.45 g LE Agarose (SeaKem) and 30 ml 
Sybr Safe DNA gel stain (Invitrogen), for a 40 min electrophoresis (Model EC250-90 
of Thermo Electro Corporation) at 80 volts and 500 Amp in 0.5 x T.B.E. (one liter of 
stock solution (5 x T.B.E) has: 54g Tris base, 27.5 g boric acid, 20ml 0.5 M EDTA (pH 
8.0)). Into each cell in the gel, 5µl of the mix of 5µl PCR product with 1µl loading 
buffer (0.25 bromophenol blue and 30% gycerol in water) was pipetted (according to 
the recommended concentration in which the loading buffer should be used). For DNA 
quantification, 2µl of DNA Low Mass ladder (Invitrogen) mixed with 0.4 µl loading 
buffer was loaded in a cell of equal size in the same row of cells.  
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2.1.4.  PCR Product Purification and Sequencing 
Initially, PCR products were cleaned-up with the Qiagen PCR purification kit 
and run on a gel to check that there was still DNA in the sample, before being sent for 
sequencing at Waikato University. The sequencing results from Waikato University  
were not very successful (and no details were given on failed sequencing reactions) 
and we changed to the Bio-Protection and Ecology Division Sequencing Unit at 
Lincoln University. Subsequently samples were sequenced at Lincoln University only. 
DNA was quantified by the author with the GeneSnap and GeneTools programs. All 
PCR products that were not contaminated, and that had above ~ 5 ng DNA /µl, 
underwent a sequencing reaction (with 16-18 ng of DNA per reaction). The sequencing 
reaction was made with each primer separately (forwards or backwards primer) (PCR 
products with less than 25ng DNA /µl could not be sequenced because the required 
volume of PCR product to reach 16-18 ng of DNA per reaction was over the allowed in 
a sequencing reaction). For each tube, the volume of the reaction was 10µl:  
 
 5 µl of master mix: 0.5 µl Big Dye Terminator v3.1 (Applied Biosystems’ Cycle 
Sequencing Kit), 2 µl Sequencing Buffer (Applied Biosystems’ Cycle 
Sequencing Kit), 0.8µl primer (from 10µM stock), 1.7 µl water.   
 5 µl of PCR product and water combined according to the amounts needed to 
have around 18-20 ng of DNA per tube, (varying from 0.5 to 4 µl of PCR 
product). 
The reaction was 25 cycles of 96 oC x 1 min, 96 oC x 0:10 min, 50 oC x 
0:05min, 60 oC x 4min, 4 oC x ∞. After this, the samples underwent a magnetic clean-
up (CleanSeq, by Agencourt Bioscience Corporation) followed by DNA sequencing, 
performed by the Bio-Protection and Ecology Division Sequencing Unit (Norma 
Merrick). 
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2.1.5.  Editing and Alignment of DNA Sequences 
Sequences were first viewed with the program “4 peaks”(version 1.6.) 
(Griekspoor & Groothuis, 2005) and then edited and aligned in the program “Se-
Al”(Rambaut, 1996). Backward sequences were reverse-complemented, aligned, and 
compared with forward sequences. Unknown character states were registered as “?” 
(Platnick et al.,1991). Character differences between sequences were checked in the 
forward and reverse chromatogram, to ensure the signal was properly interpreted. The 
low intensity signal and bad quality of the interpretation of the sequencer along the 
beginning and end sections of each sequence (usually the first 50 and last 15 
characters) of the chromatogram were not included in the dataset. Sequences from 
different mites were aligned by eye.  
Before tree construction, the sequences were compared with nucleotide 
sequences from GenBank (http://www.ncbi.nlm.nih) (Benson et al., 2002) to check 
that they were related to mites or arachnids and not  a product of contamination. 
 
2.2.   PHYLOGENETIC TREE CONSTRUCTION AND ANALYSIS 
2.2.1.  Construction of Mite Trees 
The phylogenetic trees for each mite and skink species were constructed with 
PAUP*4b10 (Swofford, 1999); which includes distance methods, parsimony and 
maximum likelihood analysis. For the purpose of presenting the trees in figures, I 
arbitrarily rooted trees with Otago sequences as a monophyletic outgroup, which was 
paraphyletic to the Canterbury sequences because I assume that Otago and Canterbury 
mites have a common ancestor. Midpoint rooting had a similar effect. I did not have 
sequences of the COI and ITS 2 genes from related mites to use as an outgroup. All 
analyses were performed on a G5 Power Mac running OS X version 10.2.7. 
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Distance 
A neighbor-joining tree was built for each dataset (COI and ITS2), using 
uncorrected distances (so as to avoid making bias, and because the trees were clear 
enough without having to alter the dataset). A bootstrap consensus analysis was 
performed with 1000 replicates. 
Selection of models of sequence evolution  
MODELTEST provided the model of sequence evolution used to build a tree 
for the likelihood analysis for both datasets. Modeltest selected the model with the 
highest Akaike weight according to the AIC and hLRT criterion. If different, the model 
with the highest number of parameters was chosen. The commands for the models 
selected by MODELTEST for each dataset are in Appendix V.  The parameter values 
were taken from the MODELTEST output, and were not reoptimized because of time 
constraints, as it was more crucial to run the different tree inference methods for a 
broader comparison than scrutinize one method in particular. 
For both gene datasets, an examination of Akaike weights for each selected 
model of sequence evolution could have been performed to look for uncertainty in the 
selection of the model, and sub-optimal models could have been used to see if there 
would be any differences in the outcome compared to the use of the optimal model. 
These extra tests were not carried out because of time restrictions, and considering the 
clarity of the results obtained, probably would have not had an important effect on the 
overall analysis. 
 
Parsimony 
Parsimony trees were built using equal weights for all character changes. A full 
heuristic tree search was performed using the default settings For both gene datasets, a  
heuristic search was performed under the criterion of parsimony with a starting tree 
obtained by stepwise addition (with addition of sequences “as-is”), and TBR branch-
swapping.  
A consensus parsimony tree was made of 164,692 equally parsimonious trees 
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for the COI dataset. The ITS dataset yielded one most parsimonious tree for which 
bootstrap support values were computed using searches with 1000 replicates. 
 
Maximum Likelihood  
For both gene datasets, a starting tree was built with stepwise addition (“as-is”) 
and the heuristic search used TBR branch-swapping algorithm. A heuristic search was 
performed under the criterion of maximum likelihood with a starting tree obtained by 
stepwise addition (with addition of sequences “as-is”), and TBR branch-swapping.  
A bootstrap analysis with 1000 replicates was performed for both datasets, 
using a fast heuristic algorithm (e.g. stepwise addition only, with no branch swapping).  
 
Evolutionary model used for the COI dataset in maximum likelihood 
The model HKY85+G was selected with hLRT (AIC selected TVM+G model). 
HKY85+G is a two-parameter model, with two substitution types (nst=2): transitions 
and transversions (ratio=3.2228). The assumed nucleotide frequencies were estimated 
by maximum likelihood in PAUP* (A=0.2819, C=0.1406, G=0.2391, T=0.3384). A 
gamma distribution was used to model the rate of variation across sites (rates=gamma). 
The shape parameter (alpha) of the gamma distribution had a value of 0.2349. 
 
Evolutionary model used for the ITS dataset in Maximum Likelihood 
The simplest model, JC69 (Jukes-Cantor), was selected with hLRT (AIC 
selected TVMef). This model assumes equal frequencies for all bases (0.25 for A, T, C 
and G, Base=equal) and one substitution type (Nst=1). The among-site variation had 
zero proportion of assumed invariable sites (Pinvar=0) and an equal distribution of 
rates at variable sites (Rates=equal). 
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Bayesian tree inference of both gene datasets 
Bayesian trees were constructed using MrBayes (version 3.1) (Rannala & 
Yang, 1996; Ronquist & Huelsenbeck, 2003). 
The Markov Chain Monte Carlo search was run twice using the HKY85+G 
model (for the COI dataset) or the JC69 model (for the ITS dataset), with four chains 
(nchains=4) and 1,000,000 generations (ngen=1000000) for each run (the run was as 
long as possible for the time available). Trees were sampled every 1000 generations 
(samplefreq=1000). The first 200 trees of each run were discarded as “burn-in” 
(burnin=200). The amount of burnin was determined by plotting the likelihood of the 
sampled trees over the generations Trees that were influenced by the original starting 
tree were removed by setting the burnin to include only the trees sampled after the 
likelihood of the trees had reached convergence. 
 
2.2.2.  Construction of the Skink Tree  
The phylogenetic tree of the four species of skinks was built with neighbor-
joining in PAUP*, based on the 12S RNA sequences (Hickson et al., 2000) (GenBank 
accession numbers AF194087-194113, http://www.ncbi.nlm.nih.gov/). The skink 
species that are found in both Canterbury and Otago (common and McCann skinks) 
have been drawn in the host tree without discrimination of their regional origin because 
it has not been proven that they are separate species. For the purpose of rooting the 
tree, Leiolopisma mauritana (GenBank accession number AY818747) was included in 
the host tree as an outgroup. A bootstrap consensus analysis was performed with 1000 
replicates.  
 
2.2.3.  Comparison of Host and Parasite Trees 
The times of divergence of hosts and parasites and the most likely 
coevolutionary events between the skink and mite trees were estimated according to 
the distances between mite haplotypes and skink species and the distribution of the 
parasites. The relationships between the hosts were not robust enough to perform a 
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reconciliation analysis using software such as Treemap, which would require a tree 
with nodes with high bootstrap support, but a hypothetical reconciliation analysis was 
performed assuming the nodes were correct.  
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3. RESULTS 
3.1. EXTRACTIONS AND SEQUENCES OBTAINED  
A total of 106 Odontacarus extractions were performed with less than 30% 
success. Sometimes it was necessary to make many extractions of mites from one skink 
to obtain a PCR product worth sequencing. A total of 63 sequences were obtained in 
total (31 COI and 32 ITS sequences) from a total of 36 different skinks (generally, 
extracts that produced good quality sequences for one gene did so too for the other). A 
total of 27 extracts from different skinks produced both ITS and COI sequences. Some 
PCR products that produced bright bands were sent for sequencing at the Waikato 
University DNA sequencing facility and did not yield good sequences. Only seven 
sequences were obtained from that facility. All other sequences were produced at 
Lincoln University. Table 3 indicates the origin (host and site within the region) and 
sequences obtained for all extractions in which the DNA was amplified in large enough 
quantity and good enough quality for sequencing and yielded reliable DNA sequences. 
The low success rate of the Waikato sequencing could be explained mainly by the 
difficulty in quantifying DNA and detecting contamination in the samples at Lincoln 
before sending them for sequencing. When the quantification software and the 
sequencing facility were available at Lincoln University, all sequencing was performed 
in the Bio-Protection and Ecology Division. The sequences and their properties are 
presented in Appendix VI. 
 
 
 
Skink Site COI  ITS2  
Canterbury Common 5 SA  W L 
Canterbury Common 6 SA W L 
Canterbury Common 7 SA  W, L L 
Canterbury Common 8 SA  L - 
Canterbury Common 9 SA L - 
Canterbury Common 10 SA L L  
Table 3. Extractions and types of sequences obtained and site of collection The 
sequencing unit is indicated with a “W” for Waikato and a “L” for Lincoln University.  
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Canterbury Common 15 SA L L 
Canterbury Common 16 SA L L 
Canterbury Common 28  
(mites 2, 5 &10) 
- L 
 
L 
Canterbury Common 47 SA L L 
Canterbury McCann 4 SA  L L 
Canterbury McCann 5 SA  - L 
Canterbury McCann 6 SA W L 
Canterbury McCann 7 SA W L 
Canterbury McCann 8 SA W L 
Canterbury McCann 9 SA  W - 
Canterbury McCann 11 SA L L 
Canterbury McCann 17 SA - L 
Canterbury McCann 34 - L L 
Canterbury McCann 38 SA - L 
Canterbury McCann 40 SA - L 
Canterbury McCann 42 SA L L 
Total Canterbury 22 18 19 
Otago Common 5 Redbank Ridge L L 
Otago Common 11 Wildlife - L 
Otago McCann 1 Falcon L L 
Otago McCann 19 Redbank Ridge L L 
Otago McCann 22 Wildlife L L 
Otago McCann 35 Falcon L L 
Otago Grande 1 Falcon L L 
Otago Grande 32 Falcon L - 
Otago Grande 50 Wildlife L L 
Otago Grande 73 Falcon L L 
Otago Otago 2 Wildlife L L 
Otago Otago 11 Falcon L L 
Otago Otago 13 Wildlife L L 
Otago Otago 19 Wildlife L L 
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Total Otago 14 13 13 
TOTAL  36 31 32 
 
 3.2 HAPLOTYPES AND TREES 
 
 
Each gene dataset was analyzed separately. Although a combined analysis for 
those 27 extractions from which sequences of both genes were obtained was possible, 
the original intention of choosing different genes for gaining different types of 
information would be lost. The nuclear gene was sequenced to determine species 
boundaries as recombination should homogenize these sequences within species but 
reproductive isolation will cause differences between species distinction. The 
mitochondrial gene was sequenced to determine the population structure within the 
species.  Even if the data had passed the partition homogeneity test indicating no 
significant difference in phylogenetic signal, combining the genes could have obscured 
important differences in parts of the tree that still had genuinely different gene trees. 
3.2.1. Cytochrome c Oxidase I  
The mitochondrial dataset comprised sequences from 31 Odontacarus mites 
from different skink species in the two regions (18 from Canterbury, and 13 from 
Otago). The sequences comprised up to 603 base pairs (Appendix VI). The neighbor-
joining tree (figure 11) revealed four haplotypes. The trees inferred from the different 
methods showed a marked difference between sequences from the different regions. 
 
Phylogenetic Tree Building 
1) COI neighbor-joining tree 
Odontacarus from the common and McCann skinks in Birdling Flat revealed 
two main haplotypes, which were found on both host species (figure 11). The mean 
distance (number of base substitutions) between any two sequences within each 
haplotype was 0.0019 and 0.006 (table 4). The bootstrap support for the divergence 
 55
between these two haplotypes was 100%. Each haplotype included mites from various 
skink species. 
Three COI sequences were obtained from mites found on a common skink 
(number 28). Two sequences from these mites belonged to Haplotype I (mites 2 and 5) 
and one belonged to Haplotype II (mite 10).  
The COI Otago sequences formed two clusters that were not as different from each other as 
those from Canterbury (Haplotype III and Haplotype IV) (figure 11). The mean distance between any 
two sequences within each haplotype was 0.015 and 0.05 (table 5). The bootstrap support for the node of 
divergence between these two clusters was 97%. 
 
 
Table 4. Haplotype groups of COI sequences from Canterbury Odontacarus, obtained from a neighbor- 
joining tree, indicating the species and number of the host.  
Haplotype I 
Mean pairwise distance between 
sequences: 0.0019  
Common 10 
Common 15 
Common 28 (mite 2) or “282” 
Common 28 (mite 5) or “285” 
Common 47 
McCann 4 
McCann 8 
McCann 9 
McCann 11 
McCann 34 
McCann 42 
Haplotype II 
Mean pairwise distance between 
sequences: 0.006 
Common  5 
Common 6 
Common 7 
Common 16 
Common 28 (mite 10) or “281” 
McCann 6 
McCann 7 
 
Three sequences displayed additional variation. The sequence of the mite from 
McCann skink 42 diverged from the common ancestor of the Haplotype I cluster with a 
 56
bootstrap support value of 59%. The sequence of the mite from Otago skink 19 
diverged from the common ancestor of the Haplotype III cluster with a bootstrap 
support of 86%. The sequence of the mite from Grand skink 32, originates from an 
internal node that diverges from the common ancestor of Haplotype III and IV with a 
bootstrap support of l00%.  
 
Table 5. Haplotype groups of COI sequences from Otago Odontacarus, indicating species and number 
of the host. Sequences that were repeated on separate days are in bold.  
Haplotype III 
Mean pairwise distance between 
sequences: 0.015 
Common 5 
McCann 19 
McCann 22 
Grand 50 
Otago 19  
Haplotype IV 
Mean pairwise distance between 
sequences: 0.050 
McCann  1 
McCann 35 
Grand 1 
Grand 73 
Otago 2 
Otago 11 
Otago 13 
Grand 32  
 
 
The mean pairwise distance between sequences of mites from Canterbury and 
Otago was 15.5%. The mean pairwise distance between the two Canterbury haplotypes 
was 5.7%, more than twice the mean pairwise distance between the two Otago 
haplotypes (2.4%). The pairwise distances between COI sequences are presented in 
Appendix VII. 
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Figure 11. NJ tree for the COI dataset. Bootstrap values (for 1000 replicates) over 
50% are indicated above the branches. Branch lengths are proportional to nucleotide 
substitutions. Haplotype groups are presented in roman numbers by each group 
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Figure 12. Diagram summarizing the COI tree and the skink species (with sample size in
brackets) for each haplotype. The mean pairwise distance between the sequences in the
different haplotypes is indicated between arrows as a percentage. Bootstrap values (for
1000 rep licates) are indicated above the braches.
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McCann  (6)
Haplotype IV
McCann  (2)
Grand      (3)
Otago       (3)
Haplotype III
Common (1)
McCann  (2)
Grand (1)
Otago (1)
Haplotype II
Common (5)
McCann  (2)
Macraes Flat
Birdling Flat
5.7%
15.5%
2.4%
100
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2) COI parsimony tree 
Parsimony analysis yielded 164,692 equally parsimonious trees 141 steps long, 
with a consistency index of 0.942 and a retention index of 0.993. There were 603 
characters included in the analysis, of which 118 were parsimony informative. 
The strict consensus tree (figure 13) of the 164,692 equally parsimonious trees 
(built with TBR branch swapping) revealed four main clusters (Haplotypes I-IV) that 
were consistent with neighbor-joining groupings. The same consensus tree was 
obtained with NNI and SPR branch-swapping. The node between Canterbury and 
Otago mite sequences had 100% bootstrap support. The groups within each region had 
high bootstrap support. The bootstrap support for the Canterbury haplotypes I and II 
was 96 and 100% respectively. For the Otago Haplotypes III and IV, the bootstrap 
supports were 86 and 99% respectively. The sequence of the mite from Otago skink 19 
remained as a possible variant of haplotype III, because the bootstrap support for the 
node that separates it from that haplotype is not significant (< 50%). However Grand 
skink 32 could belong to any Otago haplotype because the node that separates it from 
haplotype IV has 99% bootstrap support. 
 
3) COI maximum likelihood and Bayesian inference trees 
Maximum likelihood inference produced four trees (figure 14). A bootstrap 
consensus is displayed in figure 15. Bayesian inference (figure 16) produced a tree that 
was consistent with the other inference methods. Both methods revealed four haplotype 
groups, which were consistent with the NJ and parsimony trees. Each haplotype 
included mites from various skink species. The node of divergence between the 
sequences from both regions had a bootstrap value support or posterior probability 
value of 100%, the same as for the node of the divergence between the Canterbury 
haplotypes. The Otago Haplotypes III and IV each had a bootstrap support value of 
89% and 100%. The mite from Otago 32 remained grouped separately from the 
ancestor of haplotypes III and IV with 75% bootstrap support. The posterior 
probability values of these nodes in the majority rule tree were 96 and 99 respectively. 
The mite from Otago 32 remained grouped separately from the ancestor of haplotypes 
III and IV with a posterior probability value of 66%.  
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Figure 13. Consensus of all equally parsimonious trees (164,692) built with TBR branch 
swapping for the COI dataset. Bootstrap values (for 1000 replicates) are indicated above 
branches. The haplotype number assigned to each group is indicated in roman numbers. 
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Figure 14. The four trees produced by Maximum Likelihood with the COI dataset. 
Branch lengths are proportional to nucleotide substitutions. As an example the 
haplotype number assigned for each group is indicated with roman numbers in the 
top tree to the left. All four trees have the same general haplotype grouping. 
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Figure 15. Bootstrap consensus of the four trees built with Maximum Likelihood 
for the COI dataset. Bootstrap values (for 1000 replicates) above 50% are indicated 
above branches. The haplotype number assigned to each group is indicated in 
roman numbers. 
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Figure 16. Majority rule consensus of 1600 Bayesian trees for the COI dataset. The values 
on the branches represent posterior probabilities. 
I
II
III
IV
 64
The sequences of the mites from Canterbury McCann skink 42 and Otago skink 
19 remained as variants of haplotypes I and III, respectively. Grand skink could form 
part of haplotype III or IV (or be a separate haplotype altogether). The maximum 
likelihood bootstrap values for the nodes of separate sequences from their nearest 
haplotype were 66% for the mite from Otago skink 19 and 75% for the mite from 
Grand skink 32. The bootstrap for the node separating Canterbury McCann skink 42 
from haplotype I was <50%. The respective node values of the majority rule Bayesian 
tree were 72 (separating Otago skink 19 from haplotype III), 66 (separating Grand 
skink 32 from haplotypes III and IV) and 71 (separating Canterbury McCann skink 42 
from haplotype I). 
3.2.2.  Internal Transcribed Spacer 2  
The ITS2 gene dataset comprised sequences from 32 Odontacarus mites from 
different skinks of the four species and two regions (19 from Canterbury, and 13 from 
Otago). The sequences comprised up to 338 base pairs (Appendix VI). The trees 
inferred from the different methods showed a significant difference between the 
sequences from the different regions. 
 
Phylogenetic Tree Building  
1) ITS2 neighbor-joining tree 
The neighbor-joining tree of the ITS2 dataset revealed separate groups for both 
regions and two haplotypes within the Otago region. The two Otago haplotypes 
differed in 5.5 and 6.6% (mean pairwise distance) from the Canterbury haplotype. The 
node that separated the groups from both regions had a bootstrap support of 100% 
(figure 17, summarized in figure 18). The ITS2 sequences from Canterbury mites 
formed one single group (Haplotype V) with five internal nodes with bootstrap support 
values over 50%. The approximate mean pairwise distance between any two sequences 
within this haplotype was 0.3%. All taxa shared a similar distance from their common 
ancestor. The sequence of the mite from Canterbury skink 10 was separated by the rest 
of the sequences in Haplotype V by a node with a bootstrap value of 56%, thus it 
remained as a member of Haplotype V.  The ITS2 sequences from  
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28-10
V
VI
VII
100
56
100
94
100
Figure 17. Neighbor-Joining tree for the ITS2 dataset. Bootstrap values above 80% 
are indicated above branches. Branch lengths are proportional to nucleotide 
substitutions. The haplotype number assigned to each group is indicated in a roman 
number.
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Figure 18. Diagram summarizing the ITS2 tree and the skink species (with sample size in 
brackets) for each haplotype. The mean percentages of pairwise distances between the 
haplotypes are indicated between arrows. Bootstrap support values of nodes between 
haplotypes are shown in boxes. The mean distance between  
Haplotype VI
Mean pairwise distance between
sequences: 0.0008
Common 5
McCann 22
McCann 35
Grand 73
Otago 19
Haplotype VII
Mean pairwise distance between
sequences: 0.01
Common 11
McCann 1
McCann 19
Grand 1
Grand 50
Otago 2
Otago 11
Otago 13
Table 6. Haplotype groups of ITS2 sequences from Otago Odontacarus, 
indicating the species and number of the host and mean pairwise distance 
within the group. 
Haplotype VII 
Common (1) 
McCann (2) 
Grand (2) 
Otago (3) 
Haplotype VI 
Common (1) 
McCann (2) 
Grand (1) 
Otago (1) 
Macraes Flat 
Birdling Flat 
Haplotype V 
Common (12) 
McCann (8) 
6.5% 
5.5% 
1% 
100 
94 
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Otago mites formed two main clusters (table 6); one (Haplotype VI) was paraphyletic 
with respect to the other (Haplotype VII), and the mean pairwise distance between 
these two haplotypes was 1%.The bootstrap support for the node of divergence of 
Haplotype VII from Haplotype VI was 94%. 
The sequence of the mites from Otago common skink 11 and Otago McCann 
skink 1 diverged from Haplotype VII with 100% bootstrap support. Each haplotype 
included mites from various skink species. The pairwise distances between ITS2 
sequences are presented in Appendix VIII. 
Given these COI and ITS2 haplotypes, it is worth pointing out that the 
individuals in a COI haplotype do not remain as a separate ITS2 haplotype.  The 
groupings are not consistent with the division between COI haplotype. The 
implications of this will be discussed in section 3.4 (page 72). 
 
2) ITS2 parsimony tree 
Parsimony analysis yielded a single tree 23 steps long, with a consistency index 
of 1 and retention index of 1. Of the 338 characters included in the analysis, 23 were 
variable, of which 21 were parsimony informative. The most parsimonious tree is 
presented in figure 19. The sequences of Canterbury and Otago differed from each 
other with a 100% bootstrap support. Between these groups there were 18 
substitutions. A further 3 substitutions and a 95% bootstrap support separated 
Haplotype VII from the paraphyletic Haplotype VI. The sequence of the mite from 
Otago McCann skink 1 differed from Haplotypes VII by only 1 base substitution, and 
the same distance was between Canterbury common skink 10 and Haplotype V. Thus 
they were considered as members of their respective neighboring haplotypes. 
 
3) ITS2 maximum likelihood and Bayesian inference trees 
The topology of the maximum likelihood (figure 20) and Bayesian trees (figure 
21) were similar. In the maximum likelihood tree, the Canterbury mite sequences 
remained as one haplotype with no internal nodes, which diverged from the Otago 
sequences with a 100% bootstrap support and 100% posterior probability.  
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Figure 19. The most parsimonious tree for the ITS dataset. Bootstrap values above 
50% are indicated above the branches in boxes. Branch lengths are proportional to 
nucleotide substitutions. The number of substitutions along branches is indicated 
along the branches The branch-swapping algorithm was TBR. 
95 
100 
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96 
100 
Figure 20. Maximum Likelihood tree for the ITS dataset. Branch lengths are proportional to 
substitutions. Bootstrap (for 1000 replicates) over 50% are above the branches. 
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Figure 21. Majority rule consensus of 1600 trees for the ITS dataset.  
The values on the branches represent posterior probabilities. 
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ClIltor Common 5 
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ClIltor McCl!lll S 
ClIltor McCl!Ill 11 
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a t"" McCtnn 1 
a t"'" a t"'" U 
a t"'" Grude 50 
a t"" Grude 1 
a t"'" McCl!lll 19 
a t"'" a t"'" 11 
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a t"'" a t"'" 19 
a t"'" Grude 13 
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The Otago sequences grouped into two haplotypes, one paraphyletic to the 
other, with a bootstrap support of 96% and 100% posterior probability. 
 
3.3.  GENETIC VARIATION OF Odontacarus ON THE DIFFERENT HOSTS 
For both genes, distance methods revealed that all the different host species 
were found to have mites with all the different COI and ITS2 haplotypes (table 7), 
except for the common skink in Otago, for which the number of sequences was 
insufficient. Only two mites yielded sequences from this skink species and Haplotype 
IV was not found among these). Within both regions, the COI and ITS haplotypes were 
widespread across the different hosts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Table 7. Otago Odontacarus haplotypes of both genes found in each collection site, according to 
the host species. The number of mites belonging to that haplotype for each host is in brackets. 
NA=Not applicable as the species is not present. 
Birdling Flat Macraes Flat Birdling Flat Macraes FlatHost species
                   COI Haplotypes               ITS2 Haplotypes
Common I(5), II(5) III(1) V (12) VI(1), VII(1)
McCann I(6), II(2) III(2), IV(2) V ( 8) VI(2), VII(2)
Grand NA III(1), IV(3) NA VI(1), VII(2)
Otago NA III(1), IV(3) NA VI(1), VII(3)
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3.4.   COMPARISON OF Odontacarus GENOTYPES AT A GEOGRAPHICAL 
SCALE  
 
As mentioned above, both neighbor-joining trees built with ITS 2 and COI 
sequences of Odontacarus mites from skinks of the two regions revealed a significant 
geographical difference. For both genes, bootstrap value for the divergence between 
the haplotypes of both regions was 100%. Within regions there were different 
haplotypes for both genes. The groupings did not exclude each other, the simplest 
example being the COI haplotypes of Birdling Flat, because the same extractions 
belonged to one single ITS2 haplotype. 
 
In Otago, the mites had any possible combination of COI and ITS2 haplotypes 
(figure 22).  
Similarly, there is no pattern of the haplotype groupings in relation to the 
collection sites, even within Macraes Flat samples, which originated from different 
sites (table 8). 
 
Common 5
McCann 22
Otag o 19
McCann 1
Gr and 1
Otag o 11
Otag o 13
Otag o 2
McCann 19
Gr and 50
McCann 35
Gr and 73
ITS2
Hapl otype
VII
CO I
Hapl otype
IV
CO I
Hapl otype
 III
ITS2
Hapl otype
VI
Figure 22. Grouping of Macraes  F lat samp les  according to the different IT S2 and
COI haplotypes .
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Haplotype \ Site Falcon Wildlife Redbank 
COI Haplotype III - 3 2 
COI Haplotype IV 6 2 0 
ITS Haplotype VI 2 2 1 
ITS Haplotype VII 4 3 1 
 
3.5.  HOST TREE  
 
The neighbor-joining tree built with the 12S sequences from Hickson et al. (2000) 
is not robust as groupings of the different species could change because their bootstraps 
are not significant. To summarize the relationships between the different species I will 
refer to the genetic distances between the four species. The genetic distances were smaller 
between the Otago and Grand skinks (6.2 %), or between the McCann skink and Grand 
skinks (6%) than between any of these skinks and the common skink. The biggest genetic 
distance was between the Otago and common skinks (8.6%), so the common skink was 
placed as more distantly related to the other three species. The neighbor-joining tree file 
with 1000 replicate bootstrap had a bootstrap support of 52% for the node that grouped 
the McCann, Otago and Grand skinks together. Within this group, the Otago and Grand 
skinks were grouped together with a node that had a bootstrap support of 57%.  Therefore, 
any of theses two skink species could be grouped (Otago and McCann skink or Otago and 
Grand skink) and the third species (Grand or McCann skinks) would be paraphyletic to 
the first group, thus making the tree unstable. The neighbor-joining tree and bootstrap 
files for these skinks are in the attached CD (the file names are NJ tree: skinksNJ.tre and 
NJ bootstrap: skinksNJBoot.tre respectively and they are in the “skinks” folder). A simple 
cladogram based on the tree neighbor-joining tree is presented in figures 7 and 8 (page 
40). 
The McCann skinks used in the 12S study were not from Canterbury or Otago, 
but from Gorge Burn, Southland, New Zealand (Hickson et al., 2000). 
Table 8. Number of mites belonging to COI and ITS2 haplotypes found in Macraes 
Flat, according to the collection site.
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4. DISCUSSION 
4.1. MITE HAPLOTYPES: VARIABILITY ACROSS HOST SPECIES 
Each mite haplotype was found on several host species. For this pattern to 
represent codivergence, all of these haplotypes would have to have been present on the 
ancestral host.  The detection of individuals with very little genetic divergence (as 
within a single haplotype) across many hosts (usually all four species) rules out a role 
for codivergence. Instead, some combination of other coevolutionary events, such as 
host-switching, duplication, inertia or sorting events have contributed to the lack of 
host specificity in Odontacarus clades and the absence of phylogenetic concordance 
between Odontacarus and the skink host species. Reconciliation between the host and 
parasite trees could only be made by observing the distribution of the parasite on the 
host. The phylogenetic tree for the hosts was not robust enough to be sensibly included 
in a formal reconciliation analysis such as TreeMap 2.0 (Page, 1994a), which requires 
stable topologies for both host and parasite trees. The sequencing of skink DNA for 
building another skink tree, possibly with other genes than 12S, goes beyond the scope 
of this thesis. An ongoing PhD project carried out at Victoria University, Wellington, 
New Zealand, by David Chapple is making a new skink phylogeny (I am unaware of 
which genes are used to build the tree). Eventually the skink tree produced by Chapple 
would be able to be compared with the Odontacarus trees produced here.  
The mite haplotypes are definitely not host-specific, so from a broader 
perspective, the results of mite distribution (basically, most mite haplotypes found on 
all the host species sampled in the Canterbury and Otago sites) are not really 
influenced by the host tree. Therefore, it is possible to make a hypothetical 
reconciliation analisys of coevolutionary events, in spite of having, at this stage, an 
unstable host tree.  
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4.2. MITE HAPLOTYPES: VARIABILITY ACROSS GEOGRAPHICAL 
REGIONS 
 
4.2.1. Differences Between Regions  
 
In this skink-mite study, biogeography apparently plays the strongest role in 
structuring the mite’s phylogeny, indicating that geographic proximity and dispersal 
are important factors in the speciation of these mites. 
The distance between COI and ITS haplotypes from Canterbury and Otago 
(15.5 and 6.5% respectively) is sufficient to consider the existence of cryptic species of 
Odontacarus lygosomae in Canterbury and Otago, which is likely, because they have 
been geographically separated for much longer than any groups within either region.  
Interestingly, the selection pressure these mites underwent did not seem to 
drive morphological differences. Matthew Shaw, a mite morphological specialist 
analyzed two vouchers from Canterbury and six vouchers from Otago for 
morphological differences. No evident specific morphological characteristics were 
detected. A detailed study on the morphology of the mites from the different regions 
(using a microscope with a gradometer to measure the anatomy of the mites), with 
higher number of vouchers from each region, may reveal haplotype specific 
characteristics that were not evident with this simple microscope examination. 
The ancestor of these mite haplotypes most likely dispersed across the South 
Island, along with the ancestral host populations (which could have been restricted by 
glaciations, availability of prey and characteristics of the soil, among other important 
factors). Further research on the genetic variability of the hosts and Odontacarus mites 
across a gradient between Canterbury and Otago would indicate whether there is a 
sharp demarcation between the haplotypes of both taxa. A drastic difference of 
haplotypes within small geographical limits could be a product of a strong isolating 
factor in the past, such as glaciation. A smooth gradient of differences could indicate a 
slow dispersal of lizards and their mites from Otago, the older mainland region, to 
Canterbury, the recently exposed coastal region, without major interruptions. 
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The most important observation of this thesis is the lack of host-specificity of 
the parasite in each of the Canterbury and Otago regions. This finding could be 
explained, for each region, by the sympatry of the hosts combined with the free-living 
stage of the mite. Similar results have been reported for the association between the 
South American Ramphastos toucan (which comprises many species, some syntopic) 
and its endemic chewing louse species Austrophilopterus cancellosus subspecies 
complex (Weckstein, 2004). In this louse case, the parasite has no free-living stage, but 
other factors, such as phoresy on insects, could have contributed to host-switching of 
the lice. As in this skink-mite study, the close geographic distribution of the hosts 
played a role in the speciation of the parasites. The cophylogenetic history of toucans 
and their lice showed little or no significant cospeciation. Often closely related louse 
species were found on more distantly related but sympatric toucan host species. The 
results found by Weckstein (2004) suggested that for some louse lineages, 
biogeography might be more important than host associations in structuring louse 
populations and species. 
 
4.2.2.  Differences Within Each Region  
As the host species do not seem to have driven genetic differentiation of the 
mites, it is possible that geographical influences have created separate haplotypes 
within the regions. However, this is unlikely because there was no haplotype pattern in 
relation to the collection sites (table 6 and figure 22). The COI sequences had more 
subgroups within Canterbury and Otago than the ITS sequences. Since COI is 
maternally inherited and mutations are not lost by the recombination of alleles from 
both parents, it has accumulated many changes, indicative of a long history of 
evolution of Odontacarus. Divergence in this gene within regions has occurred more 
recently than divergence between regions. For both Otago and Canterbury mites, the 
geographical separation within each of these regions may be historical, reflecting 
reproductively separated groupings of mites from skinks in sites that were 
geographically isolated in the past (as suggested by the COI maternal inheritance 
haplotypes). For example, within Otago, mites that were grouped into different COI 
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haplotypes for which ITS2 sequences were also obtained showed gene-flow of the 
nuclear gene haplotypes between each other. The clustering of ITS nuclear gene 
sequences was not consistent with the clustering of COI sequences. In Canterbury, ITS 
sequences showed that in fact mites from different COI haplotypes formed a single 
nuclear haplotype for all Canterbury samples.  
Gene-flow between the isolated populations (as indicated by different COI 
haplotypes in Canterbury) may have begun after the most recent glaciation period in 
the Canterbury plains. Without further sampling one can only speculate on where the 
populations were isolated, e.g. Banks Peninsula or southern Marlborough. As the 
coastline grew older, becoming more stabilized and smooth, and the warmer climate 
changed the habitats on the plains new geographical “bridges” may have enabled the 
reunion of the two populations. 
The Otago mites have diverged into various COI and ITS2 haplotypes. As in 
Canterbury, inconsistency of the COI and ITS groupings of the Otago mite haplotypes 
may be explained by current recombination between these haplotypes. Recombination 
could be taking place if, as postulated, the hosts formed a metapopulation (as 
mentioned in section 1.2.1, page 24). If this were the case, some host individuals from 
other populations would bring different (new) genes into the gene-pool of a population. 
The same would occur with the parasite populations on the hosts involved once they 
begin breeding. 
It seems likely that the rock–outcrop skinks in Otago live in family groups. A 
study on Grand skink groups living in rock outcrops showed that the groups consisted 
of around 20 closely related individuals (separated by 50-100 m of non-habitat 
vegetation), and some groups had significant deficit of heterozygotes across 20 loci 
(Berry et al., 2003). If groups of hosts like these had become reproductively isolated 
over a long period of time (for instance by a glaciation) their mites would have become 
reproductively isolated too, diverging into the several COI haplotypes and sub-groups 
now observed. Interbreeding between mite COI groups would have begun long after 
they had diverged, as shown by the ITS2 groupings. 
Life history traits of the mites may also have resulted in the selection of 
different haplotypes. Since chiggers have a free-living stage, the parasitic stage may 
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not be representative of their entire life, and it is possible that ecological factors of the 
adult stage of the mite might have driven the evolution of the parasite into the different 
haplotypes. For instance, mite evolution may have been related to the geographical 
distribution of its prey, or the preferred soil conditions for breeding. Chiggers have 
been found to have very patchy distributions even within a few square meters, 
depending on factors such as shading and moisture in the soil (Sasa, 1961). Therefore, 
populations of mites that remained reproductively separated over time on certain sites 
in which the above conditions were favourable, may have evolved into the current COI 
haplotypes, and their most recent reunion and genetic recombination has resulted in the 
current ITS2 haplotypes. 
4.3. COEVOLUTIONARY ANALYSIS OF THE HOST AND 
PARASITE PHYLOGENIES 
 
4.3.1.  Reconciliation of Host and Parasite Trees 
A simple tanglegram (host and parasite trees facing each other and matching 
the parasite distribution across host species) (figure 24) was made using neighbor-
joining trees for the hosts built with the 12SRNA skink sequences (Hickson et al., 
2000) and for the parasites based on the COI sequences obtained from this study. The 
nodes in the host tree had low bootstrap support (the two highest values were 52 and 
57%), so the relationships between these four species could not be confidently 
determined. The reconciliation analysis could not be carried out with software because 
the host tree is not robust enough. Although it was not possible to make a 
reconciliation of the trees with the software TreeMap 2.0, a  tanglegram helped to 
visualize the distribution of the parasite’s haplotypes on the four hosts. The low 
bootstrap values of the host tree indicate that the 12S RNA gene on its own is not 
sufficient enough to show significant genetic distinctiveness between these species. 
Considering these genetic distances, and assuming that the 12S RNA gene evolves 
around 2% /million years (Klicka & Zink, 1997), the time of divergence of these hosts 
is estimated to have been around 3-4 Mya. 
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Reconciliation with the COI parasite tree 
Considering the distances between the COI mite haplotypes from the different 
regions (15.5% for Canterbury versus Otago haplotypes) and assuming that COI 
evolves at around 2.3% /million years (Brower, 1994), the divergence between the 
haplotypes from Canterbury and Otago (ancestors of haplotypes I&II and haplotypes 
III&IV, respectively) regions is estimated to have occurred around 5.9-7.8 Mya. 
These mite divergence times are markedly earlier than the divergence of the 
skinks, and suggest that the ancestral skink species had at least two mite haplotypes 
(ancestors of haplotypes I&II and haplotypes III&IV, respectively) before the lineage 
diverged into these four skink species. The ancestral parasites probably failed to 
speciate, because the estimated time of their divergence, in which the four more recent 
haplotypes originated, is more recent than the hosts’ divergence (1.5-2.5 Mya). 
The distribution of one group in Canterbury and one group in Otago could have 
resulted from sorting events, in which each haplotype became extinct on the skinks in 
one region and remained in the other (figure 24). The second divergence, around 1.5 
Mya in Otago (figure 25) and 2.5 Mya in Canterbury (figure 26) was probably a 
product of duplication and incomplete host-switching events, which would have 
produced a second haplotype in each region and its dispersal across the different hosts. 
The relationship between the times of divergence of the hosts and the parasite is 
a rough estimation, because it is possible that the rates of evolution of the COI and 12S 
genes for the respective mite and skink species are dissimilar to the estimated rates. 
However, the estimated timing differences are large enough to at least indicate that the 
divergence of hosts and parasites is meaningful from a coevolution perspective. 
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There was a possible x-event for the COI Haplotype IV that wasn’t found on the 
common skink due to a small sample size (2) or simply because it does not exist (or 
could have become extinct if it did). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
O
M
G
C
7.8-5.9            4-3                          Mya
D 
A I, II & A III,IV 
Figure 24. Hypothetical reconciliation of the hosts’ (O, M, G and C) and parasites’ trees 
for the ancestors of all COI Haplotypes. The duplication of the parasite on the ancestral 
host resulted in the ancestors of Canterbury (A I & II, light grey) and Otago (A III & IV, 
dark grey) haplotypes, which remained in inertia (represented by the striped triangles) 
while the hosts speciated. Later these underwent sorting events or remained on their hosts 
and duplicated, as shown in figures 25 and 27. S represents sorting events and D, 
duplication events. 
I
A III, IV
A I, II & A III, IV 
A III, IV
S
S
Skinks
Otago
McCann
Grand
Common
Odontacarus
COI
Haplotypes
I
II
III
IV
Figure 23. Tanglegram of the skinks (12S RNA) and mite (COI) trees. The arrows
indicate if the parasite genotype was found on the host. The exact numbers of
sequences obtained for each species are in table 1.
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O
M
G
C
S 
I
D
III, IV
III, IV
III, IV
III
7.8-5.9            4-3                     2.5            0.22          Mya
D  
Figure 25. Hypothetical reconciliation of the hosts’ (O, M, G and C) and parasites’ 
(Haplotypes III and IV) trees for the Otago COI Haplotypes. The dashed line at the base of 
the trees represents the result of a duplication of the parasite on the ancestral host, the 
ancestor of Canterbury Haplotypes I and II, presented in figure 27. The striped triangle 
represents inertia of either Haplotype III or IV. S represents sorting events and D, 
duplication events. 
O
M
G
C
7.8-5.9            4-3                1.5                  0.13          Mya 
S I
D
I, II
D 
I, II
Figure 26. Hypothetical reconciliation of the hosts’ (O, M, G and C) and parasites’ 
(Haplotypes I and II) trees for the Canterbury COI Haplotypes. The dashed line at the base 
of the trees represents the result of a duplication of the parasite on the ancestral host, the 
ancestor of Otago haplotypes III and IV, presented in figure 26. The striped triangle 
represents inertia of either Haplotype I or II. S represents sorting events and D, duplication 
events. 
S 
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Similar events could explain the reconciliation, in a simple tanglegram, of the mite 
ITS2 tree with the hosts’ 12S RNA tree (figure 27), which does not reveal any 
cospeciation events. The hypothetical reconciliation (carried out without software) of the 
host and parasite trees suggested one sorting event, two duplications and eight inertia 
events. 
Apparent inertia, due to under-splitting of the parasites, could have been 
something worth considering if in this study there had been any genetic differentiation 
between haplotypes according to their hosts. Since no host-related genetic differences 
were detected between mite haplotypes, apparent inertia could be masking a multi-
parasite colonization on the many hosts (where there are many different multi-host mite 
species, some of which are cryptic). 
Host-switching could explain the lack of host specificity and differences within a 
region because it allows for the dispersal of a parasite on different hosts within 
geographical limitations, keeping it from differentiating on a certain host. This has been 
noted for sympatric owl species sharing one species of louse (Clayton, 1990). 
Incomplete host-switches can be detected by defining the genetic variability of the 
parasite within the populations found on the different hosts. If the populations of mites 
found on some host species had less variability than others, it would suggest that the most 
recent (incomplete) switches were towards these hosts (Banks & Paterson, 2005). If no 
significant differences were found for individuals of different hosts within a haplotype, 
the incomplete switches would have been fairly recent. This approach (using allele 
frequencies for microsatellite loci) has been used to detect a colonizing event of a multi-
host parasitoid wasp (Baker et al., 2003). 
 If the hosts were taxonomically misclassified (over-split), apparent inertia could 
explain the existence of multi-host mite haplotypes in Canterbury. However, this is 
taxonomic misclassification of the hosts is unlikely because studies on allozyme variation 
across 17 loci have led to the current classification of the McCann and common skinks 
(Daugherty et al., 1990).           
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Similar to the mite COI reconciliation with the host tree, inertia, sorting and 
duplication events would have led to the distribution of ITS2 haplotypes across the 
different skink species and regions. 
This reconciliation is only tentative, due to the instability of the host tree, it cannot 
be certain.  It is only a rough estimation of the possible coevolutionary events that might 
have taken place between the parasites and hosts involved. Because the number of host 
taxa was only four, it was not necessary to use software to make the reconciliation. 
 
 
 
 
 
 
 
 
 
 
Skinks
McCann
Grand
Common
Otago
VII
VI
V
Odontacarus
ITS2
Haplotypes
Figure 27. Tanglegram of the skinks (12SRNA) and mite (ITS2) trees (cladograms).
The arrows indicate if the parasite genotype was found on the host. The exact
numbers of sequences obtained for each species are in Table 1.
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5. CONCLUSIONS  
5.1.  Placing this thesis in the larger context of host-parasite 
coevolution 
This is the first study on host-parasite coevolution in which the parasite has a free-
living stage and I hope that it will help shed light on the influence that a parasite’s life 
cycle may have on host-parasite coevolution when included in a larger analysis of many 
other host-parasite associations. In this study, the free-living stage of Odontacarus mites 
does seem to provide this parasite with opportunities for coevolutionary events other than 
coespeciation, such as host-switching and evolutionary inertia. However, a much broader 
study would be required to define clearly the effect that a free-living stage has on host-
parasite coevolution, compared to the effect of a completely parasitic life. Such a study 
would require many comparisons across diverse host-parasite associations, with parasites 
from both lifestyles, with and without free-living stages, in many different geographical 
locations and habitats. Without such a broad-scope study, many factors which might be 
influencing host-parasite coevolution other than the parasite’s life style cannot be 
quantified, so it is difficult to attribute coevolutionary differences only to the effect of the 
parasite’s life cycle. 
 
5.2. General conclusions 
The genetic distance between the parasite’s populations in the Otago and 
Canterbury regions suggests a much earlier divergence of the parasite from the common 
ancestor of Odontacarus mites from both regions than the divergence of the parasite 
within regions. The genetic distance between the haplotypes of the two regions makes the 
Odontacarus mites from both regions different enough to be distinct evolutionary units. 
Had this thesis studied only one geographical locality, the results would have been 
less clear, as isolation, stochastic events or other geographical influences might have 
affected the parasite’s distribution across the hosts. Since the same broad distribution of 
parasite haplotypes was found in separate regions with different characteristics (mainland 
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versus coastline) and geological age, this distribution is likely to be influenced by the 
parasite’s life cycle and its free-living stage.  
The lack of host-specificity of Odontacarus in this study suggests that any other 
lizard species that is sympatric with Odontacarus may become parasitized too. This 
finding contributes towards understanding the distribution of multi-host parasites, which 
have been problematic (Johnson et al., 2003).  
The ability of chiggers to parasitize many host species is also extended to different 
host genera and orders (section 1.2.2). This broad distribution of the parasite could be the 
result of a series of resource-tracking host-switches, possibly facilitated by the free-living 
stage, in which the descendants may be capable of attaching to whatever host is available 
during their larval stage. If the host species became extinct in a region, chigger larvae are 
likely to try to attach and feed on a new host species within the area (given that mites 
could not physically move themselves to another area where the host species exists). This 
could be something that should be considered in conservation programs involving species 
removal and translocation, depending on what concern there is about likely infestation of 
novel hosts. This concern could be increased if the chiggers in the area are vectors of 
diseases that could affect the species to be introduced or other local species to which the 
chigger might switch if its original host has been removed. 
Further understanding will be valuable for predicting parasite distribution, such as 
which parasites are likely to switch to new hosts, and identifying future risks of 
economically, culturally (Banks & Paterson, 2005) or ecologically important species. 
5.2.1  Limitations of this research 
 
Host tree 
 
 
In order to make a proper reconciliation of host and parasite trees for the detection 
of coevolutionary events, a robust host tree is required. Unfortunately the only tree 
available at the time of this thesis was the 12S tree of Hickson et al. (2000), in which the 
four species of skink included in this study were very closely related. The small tree built 
with only those sequences that belonged to these four skink species was not stable enough 
(the relationships could have been easily switched for these skinks) for performing a 
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reconciliation analysis, although a hypothetical reconciliation analysis was performed.  
The skink tree was only built from existing literature. It would have been nice to 
sequence specific genes from skink DNA samples and build a skink tree for this thesis, 
but this would have been a major occupation beyond the standard requirements for a 
Master’s thesis. Also, it was not possible at the time to obtain tissue samples of the skink 
species involved because I was not a DoC permit holder myself and because the Otago 
and Grand skinks are highly endangered and special permission must be obtained from 
DoC to sample tissue from them. 
Currently, some samples of DNA tissue from skinks in Birdling Flat that were 
kindly collected by Marieke Lettink for the author are being sequenced (as part of a 
project with Mike Bowie and Rob Cruickshank) for the COI and 12S genes (and being 
compared with samples from neighboring Quail Island). The comparison of these Birdling 
Flat sequences with those of skinks from elsewhere in New Zealand will enable the 
confirmation of the taxonomic identity of the Canterbury skinks in this study. 
In a couple of years from now there should be a new skink tree produced by David 
Chapple et al. with which the parasite’s phylogenies could be compared to investigate 
coevolutionary processes. 
 
Lack of a pairwise control of a parasite without a free-living stage 
 
Since writing this thesis, Ophionyssus extractions from the McCann, common and 
Otago skinks have successfully produced ITS1&2 sequences. (Appendix  II). The 
sequences seem to indicate specialization of Ophionyssus for the Otago skink (O. 
otagense), compared to McCann and Common skinks in Macraes Flat and Birdling Flat. 
This could possibly be explained by the ecology of the Otago skink (which seems to use 
refugia more repeatedly than the other sympatric species), but further work must be done 
to confirm this. 
However, even if the coeveolution of Ophionyssus with the same four host species 
proved to be formed by cospeciation events, this is not enough to determine the effect of a 
free-living stage on host-parasite evolution. Many other features (as well as different life-
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cycles), such as life history and ecology of the mites may be different for these two genera 
(Ophionyssus and Odontacarus), and these confounding variables could have an effect on 
coevolutionary processes. 
Geographical extent of sampling 
The number of geographical locations sampled (Birdling Flat in Canterbury and 
Macraes Flat in Otago) was limited by the availability of samples taken by DoC permit 
holders (Otago) or the possibility of handling skinks under a local DoC permit for the 
author to sample. It would be very interesting to make this study part of a larger 
phylogeographical analysis where it would be possible to trace the pattern of dispersal of 
the mites with their hosts. 
5.3. Further research 
1) Skink-mite coevolution 
 
 
Geographical origin of ancestral populations of mites in Canterbury 
 
To determine the geographical origin of the two ancestral populations of the 
Birdling Flat Odontacarus mites, it would be necessary to take mite samples from 
common and McCann skinks from other locations within Canterbury, such as the 
Canterbury plains, the foothills of the Southern Alps and Banks Peninsula. If the COI 
sequences of mites from any of these localities is more closely related to Haplotype I or II 
than they are to each other, those mites would be more likely to be from the location of 
the common ancestor of one of the Canterbury COI haplotypes. 
 
Nature of dispersal of the ancestral parasite between regions 
To determine the nature of the dispersal of the parasite from Otago to Canterbury, 
it would be necessary to sample mites from the common and McCann skinks from various 
locations along transects drawn between both regions. If glaciation had previously halted 
dispersal, we would be likely to find that the mites have the same marked differences 
observed between these regions at some point in between. If there has been no major 
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barrier to the dispersal of the hosts and their parasites over the South Island, the mite COI 
and ITS sequences would reveal a smooth gradient from Otago haplotypes to Canterbury 
haplotypes. If at one locality the sequence difference is equidistant to Otago and 
Canterbury haplotypes, the original location of the ancestral parasite may be found (if its 
descendants have remained in the same location). I suggest common and McCann skinks 
over Grand and Otago skinks because they are more widely distributed across central and 
southern South Island, and permits are more easily obtained for their manipulation 
because they are not endangered. If this information on dispersal of the parasite and 
location of the ancestor parasite were obtained from mite sequences, it could be compared 
with similar data obtained from skink COI and ITS sequences to determine if the ancestral 
parasite’s descendants are located near the most ancient hosts. 
 
The bigger picture of the coevolution of the skink–mite association in New Zealand 
Given the findings of this thesis, it is very likely that the Odontacarus mite infests 
many other lizard species in New Zealand. To reconstruct the colonization (dispersal by 
incomplete host-switching) across the different hosts, it would be necessary to sample 
many more species of skinks and build a large Odontacarus phylogenetic tree. This tree 
can be reconciled with a complete phylogenetic tree for the host species, to determine if 
mite haplotypes found on some skinks are more closely related to mite haplotypes found 
on other skinks. 
 
Catching host-switching “in the act” 
Since Odontacarus seems to be able to host-switch frequently, it would be 
interesting to observe if it can switch during a short period of time (e,g. days or weeks) to 
non-infested specimens of the same or different species than the last host. The experiment 
would involve rearing mites during their free-living stages after they have left their hosts, 
and observing the preferences of the larvae of the next generation when exposed to 
different hosts. 
This could be done in parallel for a mite without a free-living stage that infests the 
same host species, such as the tail-scale mite Ophionyssus (Appendix II). Even if 
Ophionyssus mites do not feed on anything but the host, they may be able to approach the 
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dwelling site of a neighboring skink by crawling (as it does on the host) after feeding 
(pers. obs.). If Ophionyssus host-switched between feeds, a phylogenetic study may have 
similar coevolutionary events to those of Odontacarus with the hosts. 
In the skinks’ natural habitat, this fast mite host-switching would depend on many 
skink behavioral aspects, such as the size of their home-range, how much do the home 
ranges overlap between species, and whether skinks dwell overnight always in the same 
sites or do they switch site occasionally.  
It has been observed that when skinks are held in captivity, if they have a range of 
refuges to choose as their dwelling site, have been seen changing to another site after a 
few nights (Dennis Keal pers comm, 10 April 2004). When there is a lack of choice of 
sites, the skinks seem to become rapidly infested with high numbers of Ophionyssus 
mites, which probably have been waiting from the night before to reinfest the skink 
(Dennis Keal pers. obs).  
Revealing the relationship between the behavior of a parasite (such as host-
switching) and their hosts’ behavior (such as the use of refuges) would contribute towards 
the understanding of the dispersal of parasites with similar life histories and the 
conservation of endangered hosts. 
 
Comparison with a phylogenetic study of a mite without a free-living stage 
The comparison between the host-parasite coevolution of a mite with a free-living 
stage and one that is only parasitic could be performed using Ophionyssus mites, as I have 
tried in this work without success (Appendix II). Other primers could be tried or designed 
to enable the amplification of a fast evolving gene and detect differences within 
Ophionyssus mites according to the host species or geographical origin. This would be an 
interesting comparison because they have been found to infest the same hosts of the 
Odontacarus subject of this study. Interpretations of such an experiment must be cautious, 
as Ophionyssus belongs to a separate order in the Acari (Mesostigmata) and differs in 
many aspects of its life history with chiggers. Therefore, host-parasite coevolutionary 
differences between these two mite species may not be only attributable to the free-living 
stage in Odontacarus’ life cycle. 
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It may be found that in habitats where many skink species co-exist, Ophionyssus 
has not cospeciated with its different hosts. This is a could be possible because 
Ophionysuss mites drop off the host after feeding and many hours later they reattach to 
their host (Radovsky, 1994) (which could actually be a different skink species). 
 
2) Future applications and research on DNA identification  
 
Detection of differences within and between species with DNA barcoding  
The detection of four COI haplotypes within Odontacarus in this study shows the 
level of sensitivity that DNA barcoding has for detecting genetic differences within a 
species. If DNA were to be used globally to identify species, it would be necessary to 
know what amount of genetic difference between individuals (morphologically identified 
as belonging to the same) is sufficient to suggest the existence of a cryptic species. For 
example, in the case of Odontacarus, if a high number of individuals of the species were 
barcoded, would the genetic distances within the COI gene be comparable to the distance 
between an Odontacarus mite with a mite from a totally different species? This is an 
interesting horizon for future research into the use of DNA barcoding. 
 
The use of DNA barcoding of the skinks 
 The use of DNA barcoding in the identification of skinks would help to detect 
cryptic species and confirm the species of individuals that belong to species with different 
morphs in different locations. An example is the common and McCann skinks, of which 
there are “spotted” and “striped” morphs in different areas of the South Island of New 
Zealand (section 1.2.1 page 20).  
 
Detection of the host’s DNA from within the parasite 
It could be possible to detect the host’s DNA in the blood that a haemoparasite, 
such as Ophionyssus, has consumed. In the case of Ophionyssus and skinks, if the mite 
has been sampled after the host has stayed overnight in a cloth bag, the ingestion of blood 
would be fairly recent (within the last 12 hours), which would help to obtain a fair amount 
of conserved skink DNA from it. This could come useful when trying to determine if a 
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candidate host species is being parasitized. The host could easily be identified if it has a 
DNA barcode, and eventually the test could be made as a diagnostic kit that could be used 
in the field. 
 
Detection of haemoparasite DNA from vector mites 
If a mite is vector to a haemoparasite, it could be possible to detect the 
haemoparasite’s DNA from within the mite if a selective primer is designed to amplify a 
gene from haemoparasite’s DNA. For example, Hepatozoon lygosomarum could be 
detected in Ophionyssus mites, who infest the endangered Grand and Otago skinks 
(section 1.2.1, page 23). This technology could be useful in the future to determine if a 
mite carries (and therefore may transmit), blood borne parasites. This technology could 
come useful for studying the epidemiology of multi-host diseases and for border-control. 
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7.  APPENDICES  
APPENDIX I: Glossary of Parasitology Terms (after Bush et al. (1997)): 
Habitat: The tissue or organ in which a particular sample of parasites was found.  
Locality: The geographic position of the external environment where the parasite was 
found. This includes the spatial region where a host or substrate is found. 
Niche: The role of the parasite within a particular community. The scale must be 
indicated (a habitat within a host, the entire host, the host population, the host species, 
etc). 
Prevalence: The number of hosts infected with one or more individuals of a particular 
parasite species divided by the number of hosts examined for the parasite species 
(usually expressed as a percentage, with confidence intervals). 
Incidence: The number of new hosts that become infected with a particular parasite 
during a specified time interval, divided by the number of uninfected hosts present at 
the start of the interval. 
Density: The number of individuals of a particular parasite species in a measured 
sampling unit taken from a host or habitat. 
Intensity of infection or “infestation” (a form of density): The number of individuals 
of a particular parasite species in a single infested host. 
Abundance: the number of individuals of a particular parasite in /on a single host 
regardless of whether or not the host is infected. 
The mean Intensity and the mean abundance differ in that the first considers only 
infected hosts while the second includes all the hosts in a population. 
Infrapopulation: All individuals of a species in an individual host at a particular time. 
Colonization: The successful establishment of a parasite’s population where none was 
present at the time. An uninfected host is colonized when he gets and infection. 
Colonization can be applied to a new host individual, host population or host species. 
Definitive host: The host in which the parasite sexually reproduces. 
Reservoir host: The host in which a parasite can survive and reproduce, but is not 
considered a normal host. 
Paratenic host: The host in which development does not occur, but which may serve 
to bridge an ecological gap in a parasite’s life cycle. 
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APPENDIX II: Experiments with Ophionyssus Mites 
Ophionyssus (Mesostigmata: Dermanyssoidea) specimens were collected to 
compare with the Odontacarus tree, as this mite species does not have a free-living 
stage and parasitizes the four skinks species used in this study in Otago (Reardon & 
Norbury, 2004) and in Canterbury (pers. obs). During the summer 2004-2005 
Ophionyssus mites were collected from Common and McCann skinks in Birdling Flat 
(Mariana Vargas) and from Common, McCann, Otago and Grand skinks in Macraes 
Flat (James Reardon and assistants, DoC, Otago). They were obtained by slightly 
poking the tip of a watch-maker’s forceps under uplifted tail-scales (Reardon & 
Norbury, 2004).  
Ophionyssus is a vector to the coccidean haemoparasite, Hepatozoon 
lygosomarum (Apicomplexa: Adeleorina) an intraerythrocytic parasite that has been 
found in New Zealand lizards (Allison & Desser, 1981). 
These mites attach to the soft skin under the scales of lizards and feed on their 
blood (Resh & Carde, 2003). Their life cycle includes an egg, a non-feeding hexapod 
larva, a parasitic octopod protonymph, a non-feeding octopod deutonymph and a 
parasitic octopod adult (Radovsky, 1994). It is likely that if a mite abandons its host it 
will only be overnight, and remain in the host’s dwelling site. It will not feed on 
anything else until it parasitizes a host again (Bannert et al., 2000). 
In this thesis, insufficient results were obtained for Ophionyssus to allow a 
meaningful comparison with Odontacarus. Only 10 COI sequences were obtained 
from 85 Ophionyssus extractions. These sequences were BLASTed against sequences 
in GenBank and did not correspond to arachnid sequences (and at the time there were 
no mite sequences in Genebank anyway), but to vertebrates or insects. Therefore, they 
were not considered for the analysis of this study, as they might be contaminated PCR 
products, although the negative controls were clean. Generally, the extractions that 
yielded bright bands were those that were engorged with skink blood, which suggests 
that the DNA that was being amplified was possibly the skinks’. 
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APPENDIX III: Phylogenetic Tree Topology Terms (after Hillis et. al (1996). 
Unrooted tree: A phylogeny in which the earliest point in time, or the location of the 
common ancestor is not identified. 
Terminal nodes or tips: The contemporary taxa that result from the tree, also called 
external nodes. 
Internal node: A branch point within a tree. 
Peripheral branches: A branch that ends in a tip. 
Interior branches: A branch that does not end in a tip. 
Bifurcation: A node connected to three branches. 
Polytomy or multifurcation: A node connected to more than three branches. 
Fully resolved or binary tree: A tree in which all internal nodes represent 
bifurcations. 
Star tree: A tree that only contains one internal node. 
Phylogram: A tree that includes branch lengths as well as the relationships between 
taxa. 
Cladogram: A tree that only displays the relationships between taxa. 
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APPENDIX IV Other ITS primers that were tested 
 
Gene Region ITS1+2: Primers CAS18sF1 and CAS28sB1d (Jie Ji et al., 2003) 
All 5 samples were negative (4 Ophionyssus and one Odontacarus) All from Otago, 
2003.No control positive (PCR 2). 
Same 5 samples, only one worked (Ophionyssus). Positive control used (mussels and 
mites) (PCR 4) 
Same results after reducing annealing temperature to 45oC (PCR 10). 
New Canterbury Odontacarus (10) and Ophionyssus extractions (10). Very weak 
bands or none (PCR 18). 
24/11/2004 Finished testing this primer. The sequencing made with this primer was 
done at Waikato and no sequences were good, so we believed it was not working. 
However, once this thesis had concluded, we tested this primer again over a Summer 
Scholarship 2005-2006 and we got good sequences for Ophionyssus then. 
 
Gene Region ITS1: Primers CAS18sF1 and CAS5p8sB1d  
Weak bands of 5 (4 Ophionyssus and one Odontacarus). All from Otago, 2003 (PCR 
5). Repeated all Otago extractions and did again with no + results (PCR 6). 
02/08/2004 Finished testing this primer. 
 
Gene Region ITS2: Primers CAS5p8sFc and CAS28sB1d 
Negative bands (4 Ophionyssus and one Odontacarus). All from Otago, 2003 (PCR 5) 
Very weak bands of the five above extracted twice. Used +control (mussel) (PCR 7) 
Canterbury 2004 Odontacarus extractions (6). Very weak bands. (PCR 13) 
Canterbury 2004 Odontacarus extractions (6). Very weak bands. (PCR 14). 
Better bands for Canterbury extractions (PCR 15). Sent sequencing OP5 and OP6 and 
got messy sequences.  
Tried with 10 new extractions from Canterbury and got only one +  band (PCR18) 
24/11/2004 Finished testing this primer. 
 
Gene Region ITS2: Primers CAS5p8sFt and CAS28sB1d 
No bands of the five above extracted twice. Used +control (mussel) (PCR 8). 
4 Ophionyssus and one Odontacarus. All from Otago, 2003. 
New Canterbury Odontacarus extractions (6). Less weak bands than ITS 2a (PCR 13). 
03/11/2004 Finished testing this primer. 
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APPENDIX V: Modeltest Commands 
Commands for COI Maximum Likelihood Inference 
Model selected: HKY85+G (selected with hLRT) 
Lset    Base=(0.2819   0.1406   0.2391)   Nst=2    TRatio=3.2228 
Rates=gamma   Shape=0.2349   Pinvar=0 
 
Commands for ITS2 Maximum Likelihood Inference 
Model selected: JC69 (selected with hLRT) 
ITS Maximum Likelihood PAUP* commands: 
Lset    Base=equal     Nst=1  Rates=equal   Pinvar=0 
 
Commands for COI Bayesian Inference  
beginmrbayes 
lset 
nst=2 
rates=gamma 
mcmcp 
ngen=1000000 
printfreq=1000 
samplefreq=1000 
nchains=4 
savebrliens=yes 
filename=results; 
mcmc; 
sumt 
filename=results.t 
burnin=200 
conytpe=allcompat; 
end; 
 
Commands for ITS Bayesian Inference  
beginmrbayes 
lset 
nst=1 
rates=equal 
mcmcp 
ngen=1000000 
printfreq=1000 
samplefreq=1000 
nchains=4 
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savebrlens=yes 
filename=results; 
mcmc; 
sumt 
filename=results.t 
burnin=200 
conytpe=allcompat; 
end; 
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APPENDIX VI Summary of the properties of the obtained sequences  
 
The sequences are in electronic files in the folder “Sequences”, in the attached CD. 
 
 
 
 
 
 
 
Skink Site and ID COI sequence ITS2 sequence 
Canterbury 
Common 5 
SA (5522) 603bp (unidirectional) 
W 
338 bp  
(bi-directional) 
Canterbury 
Common 6 
SA (2533) 603bp (unidirectional) 
W 
338 bp  
(bi-directional) 
Canterbury 
Common 7 
SA (Left 
stump) 
598bp (bi-directional) W 
& Lincoln Universities 
307 bp 
(unidirectional) 
Canterbury 
Common 10 
SA 585bp (bi-directional) 338 bp  
(bi-directional) 
Canterbury 
Common 15 
SA 603bp (unidirectional) 338 bp  
(bi-directional) 
Canterbury 
Common 16 
SA 575bp (bi-directional) 338 bp  
(bi-directional) 
Canterbury 
Common 28  
mite 1 
mite 2  
mite 5 
- 1: 597bp (unidirectional) 
2: 573bp (unidirectional) 
5: 600bp (bi-directional) 
 
 
1:323 bp 
(unidirectional) 
2:338 bp  
(bi-directional) 
5:323 bp 
(unidirectional) 
Canterbury 
Common 38 
SA - 311 bp 
(unidirectional) 
Canterbury 
Common 40 
SB - 322 (unidirectional) 
Canterbury 
Common 47 
SA 579bp (bi-directional) 323 bp 
(unidirectional) 
Canterbury SA (2520) 579bp (bi-directional) 338 bp  
Extractions and lengths of sequences obtained. Unless indicated with a “W” for Waikato, they were 
obtained at Lincoln University. If known, the ID number of the host is indicated, as well as the 
collection site. Sequencing directions and lengths (bp) are indicated. Refer to the Methods section for 
collection site details. 
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McCann 4 (bi-directional) 
Canterbury 
McCann 5 
SA (3-0-
4,5-0) 
- 312 bp 
(unidirectional) 
Canterbury 
McCann 6 
SA (3425) 603bp (bi-directional) W 338 bp  
(bi-directional) 
Canterbury 
McCann 7 
SA (5452) 587bp (uni-directional)  338 bp  
(bi-directional) 
Canterbury 
McCann 8 
SA (2034) 603bp (bi-directional) W 338 bp  
(bi-directional) 
Canterbury 
McCann 9 
SA  
(Left front 
stump) 
597bp (bi-directional) W - 
Canterbury 
McCann 11 
SA 600bp (unidirectional) 320 bp  
(bi-directional) 
Canterbury 
McCann 17 
SA (2322) - 311 bp 
(unidirectional) 
Canterbury 
McCann 34 
- 570bp (unidirectional) - 
Canterbury 
McCann 42 
SA 579bp (bi-directional) 338 bp  
(bi-directional) 
Total 
Canterbury 
22 18 20 
Otago Common 
5 
Redbank 
Ridge 
598bp (bi-directional) 338 bp 
(unidirectional) 
Otago Common 
11 
Wildlife - 320 bp  
(bi-directional) 
Otago McCann 
1 
Falcon 603 bp (bi-directional) 319bp  
(bi-directional) 
Otago McCann 
19 
Redbank 
Ridge 
586 bp (bi-directional)  338 bp 
(bi-directional) 
Otago McCann 
22 
Wildlife 580 bp (bi-directional) 338 bp  
(bi-directional) 
Otago McCann Falcon 595 bp (bi-directional) 338 bp  
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35 (bi-directional) 
Otago Grande 1 Falcon 584 bp (bi-directional) 338 bp  
(bi-directional) 
Otago Grande 
32 
Falcon 591 bp (bi-directional) - 
Otago Grande 
50 
Wildlife 592 bp (bi-directional) 338 bp  
(bi-directional) 
Otago Grande 
73 
Falcon 591 bp (bi-directional) 338 bp  
(bi-directional) 
Otago Otago 2 Wildlife 598 bp (bi-directional) 338 bp 
(bi-directional) 
Otago Otago 11 Falcon 603 bp (bi-directional) 338 bp 
(bi-directional) 
Otago Otago 13 Wildlife 598 bp (bi-directional) 338 bp  
(bi-directional) 
Otago Otago 19 Wildlife 596 bp (bi-directional) 338 bp  
(bi-directional) 
Total Otago 14 13 13 
TOTAL  36 31 33 
 
 
